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I.  INTRODUCTION.  Human blood platelets play critical roles in normal hemostatic processes and pathologic 
conditions such as thrombosis (i.e. cardiovascular disease and stroke), vascular remodeling, inflammation, and 
wound repair. Despite the biological importance of platelets and their intact protein synthetic capabilities, 
remarkably little is known about platelet mRNAs. The pathogenesis of essential thrombocytosis (ET), a disease 
of platelet number and function, is poorly understood at the molecular level. The main goal of this project is to 
build on our preliminary data that suggests that patients with ET have distinct platelet transcript profiles that 
differ from those of normal platelets.  The three main hypotheses to be tested are: (1) patients with ET have 
mRNA profiles that are distinct from those of normal controls; (2) these differences can be used to elucidate 
the molecular basis of ET; and (3) these differences can be used to differentiate ET from other causes of 
thrombocytosis (ET diagnostics).  Completion of the specific aims as outlined below should (i) provide 
considerable insight into the molecular basis of ET, (ii) assist with molecular diagnostics, and (iii) help to devise 
rational approaches for pharmacological intervention.  These three major hypotheses are the basis for the 
following specific aims:  
 
Specific Aim I. Validate differences in microarray profiles between normal and ET patients  
  
Specific Aim II.  Establish the positive and negative predictive values of these profiles  
  
Specific Aim III.  Develop a pilot ET diagnostic microarray chip and evaluate a transcriptome-based approach 
to the diagnostics of ET.  
  
II.  BODY.   
 
A.  SPECIFIC AIMS I AND II. 

1.  APPROACH:   Microarray analysis was used to study the molecular basis of essential thrombocythemia 
using highly-purified platelets isolated from peripheral blood (20 mL) or by apheresis.  Differences were 
validated by quantitative PCR (Q-PCR) and/or protein analyses as necessary. 

2.  RESULTS:  Initial one-way ANOVA identified 170 genes that were differentially expressed, the majority of 
which (141) were up-regulated in ET platelets; only 29 genes were down-regulated in ET compared to normal 
platelets.  Analysis of the smaller subset of platelet-restricted genes demonstrated that only 13 genes were 
differentially-expressed (12 up-regulated, 1 down-regulated) in ET.  A disproportionate number of upregulated 
genes encoded proteases or protease inhibitors (HPSE, MMP1, SERPINI1), a class of proteins known to be 
associated with tumor invasiveness and metastases.  The single down-regulated gene (HSD17B3) was 
present in all normal samples and absent in all ET platelets.  HSD17B3 belongs to an extended family of 
17BHSDs retaining oxido-reductase activity toward discrete substrates, and encodes an enzyme (type 3 17β-
hydroxysteroid dehydrogenase) previously described as testis-specific.  This enzyme is known to catalyze the 
penultimate step in testosterone biosynthesis.  Using a functional assay of testosterone generation, we 
demonstrated that platelets retained 17βHSD3 activity, with nearly 10% of the capacity found in mouse testis, 
providing evidence for the first non-testicular source of this enzyme. Transcripts for two additional members of 
this family were found in human platelets, one of which (HSD17B12) was upregulated in the initial cohort of 
patients studied.  Subsequent Q-PCR results were entirely concordant for all individuals studied, 
demonstrating that 17BHSD12:17BHSD3 transcript ratios reliably distinguished ET from normal patient 
platelets in all samples studied to date (N=20; 6 apheresis samples, 14 peripheral blood samples; p <0.0001).  
Furthermore, these differential patterns of HSD17B expression appeared unrelated to the development of 
thrombocytosis per se, but rather, were restricted to the ET phenotype. 
 

a.  Changes to Specific Aims 1 and 2:  NONE.   

b. Planned experIments for subsequent funding period.   During the next funding period, we will 
continue to document differences in androgenic function, comparing ET to normal and reactive 
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thrombocytosis platelets.  For these experiments, we have currently synthesized peptides 
corresponding to both HSDs, and will use these to probe for differences at the protein level.  
Additionally, we are currently expressing both HSD cDNAs into heterologous systems to precisely 
quantify androgen conversion.  There are no barriers to the completion of these studies. 

B.  SPECIFIC AIM III:  Development of a diagnostic platelet oligonucleotide microarray chip 
 

1. RESULTS (Chip design and fabrication).  A well-characterized 70-mer oligonucleotide gene set was used as 
the starting point for our gene chip.  The Qiagen probe set contains 34,580 optimized 70-mer oligonucleotides, 
representing 24,650 genes and 37,123 transcripts.  The design is based on the Ensemble (www.ensembl.org/) 
Human 13.31 Database and the Human Genome sequencing project, and directly deals with alternative 
splicing variants using common, partial common, or transcript oligonucleotides.  The oligonucleotide probe set 
comes with complete annotation including Gene Ontology, oligonucleotide chromosome coordinates, 
comparative genomic analysis, and other functional annotations (i.e InterPro, OMIM, etc.).  For our purposes, 
the final list was generated by data-mining of the original 14-chip analyses (refer to Fig. 1), and incorporated 
the following gene cohorts: (i) a group of platelet-restricted genes with no expression in leukocytes (N=126); (ii) 
the preliminary group of discriminatory genes distinguishing between thrombohemorrhagic ET phenotypes 
(N=71) [note that this subset is known to include 50 leukocyte-expressed transcripts, and may be 
sufficient for parallel leukocyte profiling studies]; (iii) the list of genes with platelet expression > leukocyte 
expression by 10-fold (N=285); and (iv) the list of genes with leukocyte expression > platelet expression by 10-
fold (N=43) [additional leukocyte “contamination” control].  Further, we have now analyzed the relative gene 
expression of the platelet list and found that the expression patterns logically follow a Poisson distribution.  To 
date we have printed 100 slides and quality-controlled the first ten with excellent reproducibility in spotting (Fig. 
1).  After removal of duplicates, the final list contains 432 genes which clearly co-segregate by cell-type as 
demonstrated in silico (see Appendix Gnatenko, et.al.., Blood (2006)].  The chip may be readily modified as 
more informative genes are identified. 
   

 
 
   
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Oligonucleotides (ODNs) representing 
the 432-member gene list (along with positive 
[ribosomal RNAs, housekeeping genes, etc.) and 
negative [i.e. Arabidopsis] controls) were 
synthesized as 70-mers and used for spotting 
onto glass slides1. ODNs are each represented 4 
times/slide (represented as red dots in Panel A) 
as a means of obtaining reliable, integrated 
expression median values; the final chip contains 
2,132 oligonucleotides.  For these experiments, 
two samples are differentially labeled (i.e. either 
Cy5- or Cy3-), followed by hybridization onto 
the gene chip.  Note that co-hybridization of 
Cy5- or Cy3-labeled Universal reference RNA 
(Strategene) provides clear evidence for 
successful spotting, labeling, and hybridization 
as demonstrated by the yellow signals from the 
majority (if not all) of the spotted 
oligonucleotides (Panel B).  When we repeated 
these experiments using platelet (Cy5):human 
reference RNAs (Cy3), completely different 
patterns were evident (Panel C), all as predicted.   

 
 
 
 

a. Application of the novel platform to ET.  Based on these results, we subsequently studied 28 normal 
patients (13 females, 15 males) and 19 ET patients (13 females, 6 males) using our uniquely-fabricated 
oligonucleotide chip; in all situations, RNA was isolated from gel-filtered peripheral blood platelets (15 – 30 mL 
starting blood volume), amplified, hybridized, and processed as outlined above.  After correction for the false 
discovery rate using the Benjamini and Hochberg adjustment, results demonstrated no gender-related 
differences between normal controls for the genes represented on the chip (0/432).  In contrast, 26-28 genes 

http://www.ensembl.org/
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were differentially expressed when comparing ET to normal, using either one-way ANOVA (p <0.05, N=28 
genes), or a t-statistic 
that incorporated 
intersample variability 
in expression ratios 
(ranked by the 
magnitude of the test 
statistic 
numerator)55,76; using 
the latter calculation 
26 genes were 
differentially 
expressed, with 
complete overlap with 
the 28-gene subset 
identified using 
ANOVA.  As shown in 
Fig. 2, unsupervised 
hierarchical clustering 
demonstrates distinct 
variation in gene 
expression patterns 
between the two 
defined phenotypes 
(i.e. ET [blue] vs. 
normal [yellow]); note 
that 41/47 patients are 
correctly classified by 
genotypic profile.  
Thus, these data 

clearly establish that our fabricated chip representing (i) a new platform, (ii) new patient cohorts, and (iii) 
a new methodology, i.e. Cy3/Cy5 co-hybridization) clearly can be applied for more extensive gene 
profiling studies in larger patient cohorts.   
 

b.  Changes in Specific Aim 3:   None.   
 
c.  Planned experiments for subsequent funding period.   In the next funding period we will continue our 

validation studies of the chip, delineating its ability to distinguish ET from other causes of (reactive) 
thrombocytosis.  We will identify a discriminating oligonucleotide profile, and use this to screen additional 
patients as a means of validation. 
 
III.  KEY RESEARCH ACCOMPLISHMENTS.   
● First demonstration that platelet microarray studies can be applied to a human platelet disorder 

● First demonstration that ET platelets have a profile distinct from normal platelets 

● First demonstration that a diagnostic assay may be available to distinguish ET from normal platelets 

● Initial fabrication, characterization, and validation of a platelet-diagnostic oligonucleotide chip 
 
IV.  REPORTABLE OUTCOMES.  
 
A.  Manuscripts accepted and/or published 
 
  •  Gnatenko, D. and W. Bahou.  Recent advances in platelet transcriptomics.  Trans. Med. Hemotherapy 
33:217-226, 2006 
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  •  Gnatenko, D., P. Perrotta, and W. Bahou.  Proteomic approaches to dissect platelet function: half the 
story.  Blood 108:3983-3991, 2006. 
 
  •  Bahou, W. Megaprofiles provide big insights into platelet function.  Blood 109:3120-3121, 2007.      
 
  •  Senzel, L., D. Gnatenko, and W. Bahou.  The platelet transcriptome and cardiovascular disease.  Future 
Cardiology, in press 
 
B.  Newly funded awards 
 
R21HL086376 (Bahou)     Project period: 9/1/06 - 8/31/08 
NIH/NHLBI 
Integrated molecular profiling of the thrombohemorrhagic phenotype 
 
C.  Pending awards 
 
“Genetic dissection of the platelet thrombohemorrhagic phenotype” (NIH/NHLBI) 
 
V.  CONCLUSION:  We have made considerable progress in all aims of the research, specifically in (i) 
providing the proof-of-principal that ET has unique mRNA transcript profiles, (ii) that these profiles can be used 
to develop potential diagnostic tests for the disease, and (iii) in identifying a novel steroidogenic pathway in 
normal and platelets.  Furthermore, we have now created a unique platelet microarray chip that is being 
developed for more robust profiling.  During the subsequent funding cycle, we will continue to validate these 
initial observations by recruiting a broader cohort of subjects, and initiating preliminary studies to dissect the 
role of steroidogenic pathways in megakaryocyte proliferation and/or proplatelet formation (thrombopoiesis).   

VI.  REFERENCES.  SEE SECTION IV. Reportable Outcomes (above) 

VII.  APPENDICES.   
 
 •  Gnatenko, D. and W. Bahou.  Recent advances in platelet transcriptomics.  Trans. Med. 
Hemotherapy 33:217-226, 2006 
 
 •  Gnatenko, D., P. Perrotta, and W. Bahou.  Proteomic approaches to dissect platelet function: half 
the story.  Blood 108:3983-3991, 2006. 
 
 •  Bahou, W. Megaprofiles provide big insights into platelet function.  Blood 109:3120-3121, 2007.      

 
•  Senzel, L., D. Gnatenko, and W. Bahou.  The platelet transcriptome and cardiovascular disease.  

Future Cardiology, in press 
 

VIII.  SUPPORTING DATA.  As outlined in Figures 1 and 2 (above) and in the appended articles, the platelet 
oligonucleotide chip provides the requisite tool to screen large populations to optimally establish normal 
profiles and delineate any inter-racial variability (if it exists).  Methods to differentiation ET from RT are 
currently in place and will proceed using both PCR-based technology for select genes, and the oligonucleotide 
chip.      



Review article

Proteomic approaches to dissect platelet function: half the story
Dmitri V. Gnatenko, Peter L. Perrotta, and Wadie F. Bahou

Platelets play critical roles in diverse he-
mostatic and pathologic disorders and
are broadly implicated in various biologi-
cal processes that include inflammation,
wound healing, and thrombosis. Recent
progress in high-throughput mRNA and
protein profiling techniques has advanced
our understanding of the biological func-
tions of platelets. Platelet proteomics has
been adopted to decode the complex
processes that underlie platelet function

by identifying novel platelet-expressed
proteins, dissecting mechanisms of sig-
nal or metabolic pathways, and analyzing
functional changes of the platelet pro-
teome in normal and pathologic states.
The integration of transcriptomics and
proteomics, coupled with progress in
bioinformatics, provides novel tools for
dissecting platelet biology. In this review,
we focus on current advances in platelet
proteomic studies, with emphasis on the

importance of parallel transcriptomic
studies to optimally dissect platelet func-
tion. Applications of these global profil-
ing approaches to investigate platelet ge-
netic diseases and platelet-related
disorders are also addressed. (Blood.
2006;108:3983-3991)

© 2006 by The American Society of Hematology

Introduction

Human blood platelets play important roles in fundamental
biological processes, including thrombosis, inflammation, wound
repair, and stroke. Although they are anucleate and lack nuclear
DNA, platelets retain small amounts of megakaryocyte-derived
mRNA.1,2 Platelets also contain rough endoplasmic reticulum
and polyribosomes, thus retaining the capacity for protein
biosynthesis from cytoplasmic mRNA.3 Quiescent platelets
display minimal translational activity, although platelet activa-
tion leads to the rapid translation of preexisting mRNA,4 with
the release or derivation of platelet-secreted proteins, cytokines,
exosomes, and microparticles.

The traditional paradigm that platelet mRNA content is invari-
ant and gradually declines with cell senescence was challenged
when signal-dependent pre-mRNA splicing was identified in
platelets.5 Signal-dependent splicing provides a mechanism for
altering the repertoire of translatable messages in response to
cellular activation/stimulation. Furthermore, platelets have essen-
tial components of a functional spliceosome and selected unspliced
pre-mRNAs. These spliceosomes retain a unique ability to splice
pre-mRNA in the cytoplasm (as opposed to the typical nuclear
location), a capability not described in any other mammalian cell.
This discovery emphasizes that the molecular mechanisms of
platelet function cannot be optimally dissected without accurate
platelet transcript profiling.

Modern postgenomic, high-throughput approaches allow inte-
grated studies of molecular components (at the RNA and the
protein levels) involved in cell function. Platelets represent an
attractive, simplified model for these studies because they lack
nuclear DNA and because their genome consists of a small subset
of megakaryocyte-derived mRNA transcripts. This complete pool
of platelet RNAs is significantly smaller than the transcriptome of a
nucleated cell.6 The entire pool of platelet proteins constitutes the
platelet proteome: the initially static, but functionally dynamic,
protein interactions that occur with platelet activation. In this

review, we focus on recent applications of proteomic and transcrip-
tomic technologies to dissect platelet function in normal processes
and pathologic disorders.

Platelet transcript profiling: transcriptomics

Modern approaches to transcript profiling

The development of global transcript profiling technologies, such
as microarray and serial analysis of gene expression (SAGE),7,8

provided novel methodologies for dissecting platelet function.
Microarray analysis adapts artificially constructed grids of known
DNA samples such that each element of the grid probes for a
specific RNA sequence; these are then used to capture and quantify
RNA transcripts.9 Microarray platforms developed to date
represent closed transcript profiling systems—that is, they
detect only those transcripts that correspond to specific probes
imprinted on the chip. Transcripts without corresponding probes
are not detected. Recent technological advancements allow accu-
rate whole genome transcript profiling and are capable of detecting
alternatively spliced transcripts.9

SAGE represents an open transcript profiling system that can
detect any transcript within the SAGE library. Classical SAGE10

relies on the observation that short (less than 10 bp) sequences
(tags) within 3�-mRNAs can stringently discriminate among the
genes that constitute the human genome. Differentially expressed
genes can be identified in a quantitative manner because the
frequency of tag detection reflects the steady state mRNA level of
the cellular transcriptome.10,11 Genes expressed at low levels (less
than 0.01% of total mRNA) can be identified by SAGE. Modified
SAGE protocols have been devised to provide more definitive
identification by using longer tags, identify low-abundant
transcripts efficiently through subtractive SAGE techniques, and
amplify small amounts of mRNA starting material.12-14

From the Department of Medicine and the Program in Genetics, State
University of New York, Stony Brook, NY; and the Department of Pathology,
West Virginia University, Morgantown, WV.
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Analyzing the platelet transcriptome

Initial characterization of platelet-derived mRNA transcripts was
achieved by constructing platelet-specific cDNA libraries15 and
through single-gene polymerase chain reaction (PCR)2 technology.
To date, a limited number of microarray experiments using
platelet-derived mRNAs have been published; these studies gener-
ally agree on platelet transcript quantitation and gene expression
patterns.6,16,17 Furthermore, it is clear that this approach provides an
efficient means to identify novel genes and proteins functionally
expressed in human platelets.6 Not surprisingly, platelets retain
fewer transcripts—ranging from approximately 1600 to 3000
mRNAs—than those found in nucleated cells6,17,18 (Table 1). This
limited number of platelet-expressed transcripts presumably repre-
sents the lack of ongoing transcription in the anucleate platelet.

Given that most microarray protocols are semiquantitative,
microarray findings must be validated by other techniques such as
quantitative polymerase chain reaction (Q-PCR). The combination
of 2 complementary transcript profiling techniques, microarray and
SAGE, demonstrated that 50% to 89% of platelet RNA tags are
mitochondrial transcripts presumably related to persistent mitochon-
drial transcription in the absence of nuclear-derived transcripts.19

The overrepresentation of mitochondrial transcripts in platelets is
considerably greater than that of its closest cell type (skeletal
muscle), of which 20% to 25% are mitochondrial SAGE tags.20

Thus, although SAGE clearly has advantages in cellular transcript
profiling, its applicability in platelet diseases appears limited.
Nonetheless, the relative enrichment of mitochondria-derived
transcripts does not interfere with platelet microarray studies.

The feasibility of analyzing platelet transcripts from a single
platelet donor with as little as 50 ng total platelet RNA, or
approximately 40 mL whole blood, has been demonstrated.16

Reliable mRNA amplification was validated by Q-PCR and by
parallel hybridization of amplified and nonamplified RNA samples.
In this study, gene profiling results were reproducible for 9815 of
9850 represented genes, providing initial proof that this approach
can be applied in platelet-related human diagnostic studies starting
from small sample volumes. Recently, microarray analysis was
used to identify genes that are differentially expressed in several
platelet-related diseases (see “Global profiling to study platelet-
associated disorders,” below). These studies clearly establish the
feasibility of platelet transcript profiling in identifying differen-
tially expressed genes, characterizing novel platelet-expressed
genes, and elucidating the molecular signature of a disease with
potential application for platelet diagnostics.

MicroRNA profiling of platelets

MicroRNAs (miRNAs) are a highly conserved class of short, noncoding
RNAs that regulate gene expression during cell differentiation, prolifera-
tion, and apoptosis. To dissect regulatory pathways that control
megakaryocytic differentiation, miRNA expression profiling was per-

formed on in vitro–differentiated megakaryocytes derived from CD34�

hematopoietic progenitors.21 Several miRNAs were identified, with the
subsequent demonstration that miR-130a targets MAFB, a transcription
factor that is up-regulated during megakaryocytic differentiation and
induces the glycoprotein IIb (GPIIB) gene ITGA2B. Moreover, the
up-regulation of miR-101, miR-126, miR-99a, miR-135, and miR-20
was documented in megakaryoblastic leukemic cell lines compared
with in vitro–differentiated megakaryocytes and CD34� progenitors.
These data suggest an important regulatory role of miRNAs during
megakaryocytopoiesis; however, a role for miRNAs in thrombopoiesis
remains unestablished.

Limitations and perspectives of transcript profiling

Major limitations of modern transcript profiling approaches include
reliable and reproducible detection of low-abundant transcripts, feasibil-
ity of truly quantitative transcript profiling, bulky and complex data
processing, and (in the case of platelets) limited amounts of RNA.
Furthermore, accurate platelet transcript profiling requires stringent
attention to purification methodologies because a single nucleated cell
(ie, leukocyte) contains considerably more mRNA than a platelet.22 It
has become evident that the platelet transcriptome is complex and
dynamically controlled at different levels, including regulation by
miRNAs,21 signal-dependent pre-mRNA splicing,5 and translational
control pathways such as mammalian target of rapamycin (mTOR).4

Despite significant progress in microarray chip design, accurate tran-
script profiling still requires validation by Q-PCR or other techniques.
Efficient mRNA amplification,16 development of more sensitive whole
genome microarrays (which detect alternatively spliced transcripts),9

and enhancements to bioinformatics software should obviate some of
these restrictions.

Platelet protein analyses: proteomics

Modern proteomic techniques

The proteome is the full set of proteins expressed by a genome
under a particular set of environmental conditions.23 The strategy
for platelet proteomic analysis generally incorporates platelet
fractionation, protein separation, and tryptic digestion methodolo-
gies followed by protein identification (Figure 1). Improvements in
each of these steps enhance the sensitivity and accuracy of protein
identification. Proteomic experiments may begin with protein
separation (either in-gel or non-gel); alternatively, the entire
mixture of protein can be digested before protein identification (for
reviews, see Perrotta and Bahou,24 de Hoog and Mann,25 Aebersold
and Mann,26 and Steen and Mann27). The availability of the human
genome sequence coupled with advances in bioinformatics, com-
puter technology, and mass spectrometry (MS) provide for large-
scale, robust, and automated analyses of the cellular proteome.

Table 1. Platelet microarray studies

Reference
No. genes

studied
No. present/no.

marginal No. present No. arrays Platelet source

Gnatenko et al6 12 599 1500/2147 NR 3 Apheresis

Sauer et al101 22 200 �1668/3562* NR 11* Apheresis

Bugert et al18 9 850 NR �1526 6 Concentrates

McRedmond et al17 12 599 NR 2928 1 (in duplicate) from

23 pooled donors

Blood (50 mL)

Numbers of genes studied were the numbers of probes (genes) represented on individual microarray slides.
NR indicates not reported.
*Includes normal and essential thrombocythemic platelets.
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Several mass spectrometry technologies have been devel-
oped, including electrospray ionization (ESI-MS),28 matrix-
assisted laser desorption/ionization (MALDI)29,30 with varia-
tions such as ESI-TOF (time of flight) and MALDI-TOF, liquid
chromatography coupled to tandem mass spectrometry (�LC-MS/
MS), and multidimensional protein identification technology
(MudPIT).31,32 Self-assembled monolayers (SAMs) using tryp-
sin attached to gold have been used to identify 107 platelet
proteins, thus establishing the feasibility of proteomic biosen-
sors.33 More recently, several techniques have been devised to
directly compare cellular proteomes, including isotope-coded
affinity tags (ICATs)34 and isobaric tags (iTRAQ)35-37 coupled to
�LC-MS/MS.

Quantitative proteomic38 techniques are used not only to
estimate protein abundance but also to compare cell proteomes.
These strategies involve labeling peptides derived from indi-
vidual samples with isobaric tags (ie, same mass, distinct tags)
that fragment into different reporter ions on collision-induced
dissociation (CID). Peak area ratios of the reporter ions are used
to quantify relative peptide abundance.39 iTRAQ technology is
potentially superior to ICAT-labeling strategies, which detect
only cysteine-containing peptides and typically discard peptides
that have been posttranslationally modified.34,39 Other quantita-
tive techniques, such as carboxyl termini labeling of platelet-
derived tryptic peptides with oxygen-18, have been used to
study the differential expression of platelet proteins.40

Limitations of proteomic techniques: sensitivity and the
dynamic range

The platelet proteome is subject to rapid changes in response to
external signals. Accordingly, accurate and comprehensive platelet
protein profiling requires strict attention to technical details to
ensure reproducibility and to minimize protein losses resulting
from proteolysis, sample preparation, and protein isolation.

Modern proteomic approaches are limited by large differences
in the concentrations of the most and least abundant cellular
proteins (approximately 5-log difference). Because data acquisition
using tandem MS (MS/MS) is triggered by ion abundance levels,41

peptides derived from more abundant proteins may obscure
those derived from less abundant proteins. Thus, this technique
can be biased against low-abundance ion signals. In yeast, the
dynamic range is insufficient to effectively sample low-abundance
proteins of less than 100 copies/cell.42 Other technical limitations
in proteomic techniques include detection of proteins with ex-
tremes in pI and molecular weight43 and membrane-associated or
-bound proteins.44

Accurate platelet protein profiling requires that platelets be
stringently purified of contaminating erythrocytes, leukocytes, and
plasma proteins. Table 2 summarizes typical platelet RNA and
protein yields obtained from 10 mL peripheral blood, adapting a
2-step purification procedure that incorporates centrifugation, gel
filtration, and immunodepletion.6 Although the amounts of total
platelet RNA (approximately 1 �g) and protein are sufficient for
most experiments, detection of low-abundance proteins cannot be
enhanced because methods for protein amplification (unlike gene-
based PCR technologies) are nonexistent.

This issue of protein sensitivity is further highlighted in Table 3,
which delineates platelet RNA and protein abundance distributions
through composite microarray studies6 or results from a representa-
tive platelet proteomic experiment with �LC-MS/MS spectral
counts as estimates of relative protein abundance.41 Although this
distribution of platelet transcript abundances follows a near-normal
distribution, the relative protein abundances are distributed differ-
ently. Most detected proteins are identified with 1, 2, or 3 peptide
hits per protein. Indeed, these results are in agreement with another
study in which 62.6% of proteins were identified by a single
peptide, with most of the peptide hits corresponding to highly
abundant platelet proteins.45 These data suggest that platelet
protein identification using available proteomic technologies
has limited ability to quantify peptides with low spectral
counts17 and that protein identification is skewed toward more
abundant cellular proteins.46,47 Although the number of “one-hit
wonders” may potentially be reduced by the better separation of
proteins before MS identification, it is unclear whether these
limitations can be addressed through other quantitative pro-
teomic approaches.34-37

Figure 1. Schema outlining a general approach to platelet proteomic analysis.
An ideal experiment generally incorporates platelet subfractionation methods with
sophisticated mass spectrometric techniques and computational analyses to eluci-
date platelet biological functions.

Table 2. Total RNA and protein yields from peripheral blood

Platelet yields, � 109

Yield
Sensitivity,
copies/cellBlood, 10 mL PRP* Purification†

Total RNA 3.1 2.1 1.0 1 �g �0.1‡

Protein — — — 2 mg 12§

— indicates not applicable.
*Centrifugation step (platelet-rich plasma isolated by centrifugation).
†Gel filtration with or without CD45� leukocyte depletion.
‡Calculated for microarray analysis after amplification step.
§Calculated based on silver stain detection limits of 1 ng for a 50-kDa protein.
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Preanalytical variability in platelet proteomics

The methods used to isolate and prepare protein samples affect the
results of platelet proteomic studies. For example, findings may
vary when platelet proteins are precipitated with ethanol or
trichloroacetic acid.48 Delays in sample processing and type of
anticoagulant used to collect blood samples may also influence the
results of MS identification of platelet proteins.49 Similarly, studies
of the low-molecular–weight (less than 15-kDa) peptidome demon-
strate that early and gentle platelet separation is crucial for
obtaining reproducible identification of platelet-released peptides
and proteins.50 Other studies have emphasized the importance of
protease inhibitors and uniform sample storage in improving data
reproducibility.51 These studies demonstrate a clear requirement for
standardization of preanalytical variables to ensure comprehensive,
reproducible, and comparative (laboratory-to-laboratory) platelet
proteomic analyses.

Platelet proteomic analyses

Platelet proteomic studies can be grouped into 2 distinct yet
overlapping subcategories, proteomic analyses of quiescent
platelets (the static platelet proteome) or activated platelets (the
functional platelet proteome) (Figure 2). Whole proteomic
strategies identified many platelet proteins, although subsequent
approaches to dissect the changes that occur with platelet
activation focused on platelet fractions (membrane proteins) or
functional end points (eg, phosphorylation patterns, micropar-
ticles) in response to external stimuli. Such subproteomic studies
use the same technologies but provide a more detailed analysis of
function over time.

Quiescent platelets: the static platelet proteome. Initial studies
of the platelet proteome focused on characterizing proteins in
resting platelets through combinations of 2-dimensional electro-
phoresis (2-DE) and in-gel protein detection using monoclonal
antibodies.52-54 Although successful, these approaches were limited
by the dynamic range of platelet proteins, coupled with the cost and
sensitivity of immunodetection. Similar techniques were subse-
quently applied to establish a platelet protein map and to character-
ize tyrosine-phosphorylated proteins in resting platelets.55 In this
study, cytosolic protein fractions were separated by 2-DE, and
phosphorylated proteins were immunodetected using antiphospho-
tyrosine antibodies and MALDI-TOF. One hundred eighty-six
protein spectra corresponding to 123 unique proteins were identi-
fied through this approach. By making use of immobilized pH
gradient (IPG) strips to facilitate the one-dimensional gel separa-
tion, 286 platelet proteins were identified in the acidic range (pI
range 4-5).56 A more comprehensive profiling of platelet proteins
(pI range 5-11) identified 760 protein features corresponding to 311
different genes, resulting in the annotation of 54% of the 2-DE (pI
range 5-11) proteome map.57

Combined fractional diagonal chromatography (COFRADIC) is a
non-gel–based technique in which peptide sets are sorted in a diagonal
reverse-phase chromatography system through a specific modification
of their side chains.58,59 This technique was used to identify 264 platelet
proteins present in cytosolic and membrane fractions; the dynamic range
spanned 4 to 5 orders of magnitude of protein concentration. Modifica-
tions of this technology identified a core set of 641 platelet proteins,45 the
largest platelet protein set reported to date. These proteins were

Table 3. Distribution of transcript and protein abundance

Relative
abundance,

decile Transcripts, % Proteins, %

Average no. of
peptide hits per

protein

1 20.6 85.1 5.8

2 28.4 7.8 39.2

3 22.0 2.8 66.1

4 9.9 2.1 95.8

5 10.6 1.4 111.0

6 2.8 0 —

7 1.4 0 —

8 2.1 0 —

9 1.4 0 —

10 0.7 0.7 257

In this prototype experiment, solubilized platelet proteins were analyzed by
�LC-MS/MS, and protein abundance was quantified from the number of peptide hits
per individual protein (in this experiment, peptide hits per protein ranged from 1 to
257). Relative protein abundance was determined by the number of peptide hits per
protein, and rank-ordered proteins were assigned to deciles based on abundance (1,
least abundant; 10, most abundant). The percentage of proteins per decile and the
average number of peptide hits per protein are also delineated. Note that most
proteins (�85%) were skewed toward those of low abundance, represented by a
small number of peptide hits, though transcript expression is distributed more evenly
(abundance of corresponding transcripts was determined as previously reported90).

— indicates not applicable.

Figure 2. Schema of platelet ultrastructure integrated with
proteomic studies. The unshaded panel delineates the pro-
teomic studies involving quiescent platelets. The shaded panel
represents those studies focusing on activation-dependent plate-
let end points (eg, microparticles, exosome/releasates). Super-
script numbers refer to references.
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classified using the Gene Ontology database, revealing that 16% were
membrane proteins (see “Membrane proteins,” below), and 64% were
present in the cytoskeleton, endoplasmic reticulum, mitochondria,
cytosol, or Golgi apparatus. Interestingly, up to 20% of proteins were
classified as nucleus restricted. Given that platelets are anucleate,
these proteins presumably arise from megakaryocytes during
thrombopoiesis; their function in platelets is unclear.

Membrane proteins. The study of platelet integral membrane
proteins and surface receptors through traditional 2-DE techniques is
limited by the low solubility of these proteins, their association with the
platelet membrane, their high molecular weight, and the potentially
limited number of diagnostic tryptic cleavage fragments. In addition, the
presence of highly abundant cytoskeleton proteins such as actin
obscures less abundant platelet membrane proteins.

Two groups have adapted proteomic approaches for the study of
platelet membrane proteins.45,60 Although applications using CO-
FRADIC45 predicted the presence of 87 putative helix-spanning mem-
brane proteins, a more focused analysis of the platelet membrane
proteome was pursued by enriching membrane proteins before protein
identification through �LC-MS/MS. In this study, 2 distinct solubiliza-
tion methods were used to reduce the overrepresentation of cytoskeleton
proteins, allowing for the aggregate detection of 233 established or
putative transmembrane proteins.60 Finally, a combination of microarray
and mass spectrometric techniques has been used to identify novel
membrane proteins that signal during platelet aggregation and to
characterize proteins that become phosphorylated on tyrosine or serine
residues on platelet aggregation.61

Activated platelet proteome: activation-dependent platelet com-
plexes. An early study of activation-dependent responses in platelets
identified 27 proteins that were translocated to the actin cytoskeleton
during platelet activation.62 Subsequently, a related study that focused on
characterizing static protein complexes as a prelude to dissecting
activation-dependent complexes was undertaken in accordance with a
novel 2-DE technology that combined 1-dimensional separation of
monomeric and multimeric proteins in their native state followed by a
2-dimensional denaturing step.63 In total, 63 platelet proteins were
identified, among them the integral membrane proteins GPIb�, CD9,
and CD36 and the fibrinogen receptor �IIb�3. Mitochondrial proteins
were detected in the membrane fraction, several of which were
organized into known complexes.

Proteins secreted during platelet activation. Proteomic strate-
gies have been used to identify protein subsets secreted during
platelet activation. Such strategies resulted in the initial identifica-
tion of 82 secreted proteins17; this was followed by a more robust
analysis of the platelet secretome.64 With the use of thrombin-
stimulated platelets, a combination of MALDI-TOF and MudPIT
identified more than 300 released proteins.64 Thirty-seven percent
of these proteins were previously known to be released from
platelets, whereas another 35% were reported to be released from
other secretory cells. The remaining 28% of proteins were not
known to be released by any cell type. Moreover, several of the
secreted proteins have been previously identified in human athero-
sclerotic lesions but absent in normal vasculature. In this study,
protein profiling resulted in the identification of potential targets for
future drug development (ie, secretogranin III, cyclophilin A, and
calumenin) and shed light on possible mechanisms of platelet
adhesion that contribute to the development of atherosclerosis.

Platelet phosphoproteome. Tyrosine phosphorylation plays a key
role in the activation-dependent regulation of protein function, signal
transduction, and other complex cellular processes. Several studies have
used phosphotyrosine-dependent antibodies and proteomic technologies
to dissect intracellular signaling events that occur with thrombin

activation, consistently demonstrating an ability to identify discrete
proteins, subsets of which had been previously undescribed.65,66 By
using the thrombin receptor activating peptide (TRAP) to specifically
activate proteinase-activated receptor 1 (PAR1), 62 differentially phos-
phorylated proteins were detected, 41 of which were identified by
�LC-MS/MS.67 Interestingly, 8 of these had never been described, and
the protein repertoire was shown to originate from 31 genes, highlight-
ing how alternative splicing expands the platelet proteome. Although
these initial studies established the feasibility of using proteomic
approaches to dissect ligand-dependent phosphorylation changes,68,69 it
is likely that technical advances will further enhance its robustness.70

Platelet microparticles. When platelets are activated in vivo, 2
types of membrane vesicles are released, microparticles (which bud
from the plasma membrane) and exosomes.71 Microparticles range
in size from 0.1 to 1.0 �m, whereas exosomes are smaller and
range from 40 to 100 nm. Platelet microparticles are abundant,
exert procoagulant activity, and play hemostatically critical roles in
several clinical disorders, including heparin-induced thrombocyto-
penia and immune thrombocytopenic purpura. A recent proteomic
study provided the first panoramic overview of microparticles,
identifying 578 proteins that constitute this subcellular proteome.72

As expected, many of these represented well-characterized platelet
proteins. Surprisingly, 380 of 578 proteins had not been previously
described in platelet proteomic studies, suggesting these platelet
fragments have a unique protein composition.

Integrating platelet transcriptomic and proteomic studies

Recent evidence from mathematical modeling studies demon-
strates the need to delineate mRNA and protein expression levels to
optimally map intracellular networks. When applied to nucleated
cells, these integrated platforms demonstrate some correlation
between transcript and protein expression.73 In platelets, this
relationship is even more complex because platelets lack a genome
and ongoing RNA transcription, display minimal translational
activity, have the capacity for signal-dependent translation of
selected mRNAs4 and inducible (activation-dependent) transcript
splicing,5 absorb select plasma proteins, and contain residual
megakaryocyte-derived mRNAs and proteins.

Initial attempts to correlate platelet mRNA and protein profiles
have been described.17,74 These studies demonstrate that up to 69%
of secreted and cytosolic proteins were detectable at the mRNA
level, suggesting relatively good correlation between proteomic
and transcriptomic data in the study of end points of detection and
identification.17 The authors concluded that despite the absence of
gene transcription, the platelet proteome is mirrored in the transcrip-
tome, and transcriptional analysis predicts the presence of novel
proteins in the platelet. The lack of detailed quantitative correla-
tions limits the ability to compare platelet gene and protein levels
with those of nucleated cells.73

Global profiling to study platelet-associated
disorders

Platelet proteomic studies

Glanzmann thrombasthenia. GT is an autosomal recessive dis-
ease characterized by the complete absence or a marked reduction
in the �		b�3 heterodimeric complex.75,76 Compared with normal
platelets, GT platelets exhibit a low tyrosine phosphorylation
profile, confirming the key role of functional �IIb�3 in the initiation
of protein tyrosine phosphorylation.77 Several proteins displayed
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attenuated thrombin-dependent phosphorylation kinetics despite
normal initial phosphorylation rates. Similar results were obtained
by inhibiting thrombin aggregation of control platelets with �IIb�3

antagonists or in the absence of stirring. These results suggest that
tyrosine phosphorylation of specific proteins is dependent on
thrombin activation during early and late steps of �IIb�3 engage-
ment in aggregation. No other clear differences were identified
between normal and GT platelets.

Ischemic stroke. Genetic risk factors have been identified in
patients with thrombophilia, though associations are the strongest
for patients with venous thromboembolic disease.78 Thus, whereas
hyperhomocysteinemia and antiphospholipid/anticardiolipin anti-
bodies are stroke risk factors,79 congenital thrombophilic states
(factor V Leiden and prothrombin gene mutations; protein C,
protein S, and antithrombin III deficiencies) account for a dispropor-
tionately small subset of ischemic stroke,80 with the greatest risk in
younger persons.81 In contrast, differential expression of platelet
proteins may favor platelet activation and thrombus formation. The
best evidence in support of this observation stems from correlative
studies involving platelet cell surface glycoprotein receptors such
as �2�1, in which higher expression levels are associated with
increased collagen binding,82 and greater risk for ischemic heart
disease in homozygotes, especially smokers.83 Similarly, platelet
membrane polymorphisms have been linked to stroke in small
studies, but the evidence is not strong, and it is most significant in
young patients.84

A phosphoproteomic comparison of platelets from healthy
controls and stroke patients was completed using antiphosphoty-
rosine antibodies.85 In unstimulated platelets, a discrete subset
of proteins displayed significantly greater tyrosine phosphoryla-
tion in 85% of the 20 stroke patients studied than in the healthy
controls. Additionally, the authors identified other tyrosine-
phosphorylated bands in the stroke platelets that were absent in
the resting platelets of the control patients. Although these
results may have some prognostic merit in monitoring patients
with cerebrovascular insufficiency,85 they provide no specific
protein identification and fail to distinguish cause from effect in
dissecting proteomic differences that pathogenetically define
platelet-associated stroke risk.

Toxicology. Benzene exposure is an established risk factor for
acute myeloid leukemia and may play a role in other human blood
diseases.86 Surface-enhanced laser desorption ionization-TOF MS
(SELDI-TOF MS) was used to compare the blood serum proteome
of 40 shoe factory workers who experienced well-characterized
occupational exposure to benzene with the blood serum proteome
of unexposed controls to identify potential biomarkers of benzene
exposure.87 Three low-molecular–weight proteins were consis-
tently down-regulated in exposed subjects. Two of these proteins
were identified as platelet-derived CXC chemokines, platelet factor
4 (PF4), and connective tissue–activating peptide III (CTAP III).
These findings suggest that lower expression of these proteins may
serve as a potential biomarker of early benzene toxicity.

From the transcriptome to the proteome

With today’s technology, it is feasible to adapt transcriptomic
analysis to predict differences in the proteome, to validate these
differences between normal and diseased platelets, and to exploit
these differences to develop modern diagnostic tests.19,74,88

Direct platelet transcriptomics: essential thrombocythemia as
a paradigm. The most compelling evidence that transcript
profiling can distinguish diseased from normal platelet profiles
is based on studies of essential thrombocythemia (ET) that were

conducted with megakaryocytes and platelets.89,90 ET is a
myeloproliferative disorder characterized by increased prolifera-
tion of megakaryocytes, elevated numbers of morphologically
normal circulating platelets, and considerable thrombohemor-
rhagic events.91 Microarray profiling has been used to analyze
platelet transcripts of 6 patients with ET and 5 healthy
controls.90 Initial analysis demonstrated different molecular
signatures capable of distinguishing normal platelets from ET
platelets. Moreover, ET platelets collectively expressed higher
numbers of individual transcripts than normal platelets but
considerably less distinct transcripts than nucleated cells.6

Statistical analysis revealed 170 genes that were differentially
expressed between ET and normal platelets, most (141 of 170
genes) of which were up-regulated in ET platelets.

Among differentially expressed genes, the transcript encoding
17�-hydroxysteroid dehydrogenase type 3 (HSD17B3) was dramati-
cally reduced in ET platelets. This enzyme, not previously characterized
in human platelets, belongs to a larger family of 17BHSDs that play a
role in normal and abnormal testosterone biosynthesis.92 Transcripts for
2 other 17BHSD family members were identified in platelets; they are
HSD17B11 and HSD17B12. Absence of HSD17B3 transcript expres-
sion was evident in all 6 patients with ET. These changes occurred
concomitantly with elevated transcript levels of HSD17B12 in the same
patient subgroup. In contrast, the expression of HSD17B3 in normal
platelets was accompanied by negligible HSD17B12 expression. At the
protein level, HSD17�3 enzyme activity was demonstrated in platelet
lysates, confirming that human platelets retained the capacity to catalyze
the final step in gonadal testosterone synthesis. These data demonstrate
the potential of using transcriptomics to lend focus to proteomic studies.

Indirect transcriptomic approaches of platelet disorders. Gray
platelet syndrome. Gray platelet syndrome (GPS) is a rare platelet
disorder manifest by bleeding, thrombocytopenia, and a distinct
lack of �-granules.93,94 Recently, microarray analysis was used to
study molecular mechanisms involved in GPS, focusing on fibro-
blasts because these cells may be involved in the transition to
myelofibrosis evident in subsets of patients with the disorder.95 By
comparing microarray profiles of normal and GPS fibroblasts, the
up-regulation of various proteins (fibronectin 1, thrombospondins 1
and 2, and collagen VI�) was demonstrated. Overexpression of
fibronectin and thrombospondin 1 was confirmed at the RNA level
by Northern blot analysis, whereas fibronectin overexpression was
confirmed at the protein level by immunostaining. Although this
study fails to address the role of megakaryocyte-derived proteins in
the development of myelofibrosis, it does suggest that distinct
protein subsets may play a role in the progression to myelofibrosis
seen in some GPS patients.

Polycythemia rubra vera. Like ET, polycythemia rubra vera
(PRV) is a myeloproliferative disorder associated with thrombotic
complications.96 Although the molecular basis for enhanced throm-
botic risk remains unknown, defects affecting the platelet thrombo-
hemorrhagic balance are envisioned; however, ancillary leukocyte
dysfunction linking the inflammatory response to risk for thrombo-
sis cannot be excluded. To date, microarray studies have been
restricted to PRV leukocytes to the exclusion of platelets.97-99

Furthermore, limited correlative proteomic studies validate the
differences seen by microarray or stratify transcriptomic differ-
ences by thrombotic phenotype. Although further correlative
studies are needed, PRV platelets, like ET platelets, may have a
distinct proteomic profile that could help explain the pathogenesis
of thrombosis in this hematopoietic disorder.
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Future directions and applicability

Custom platelet chips

The expense of global transcript and platelet protein profiling
precludes investigators from performing larger disease cohort
studies. The development of cost-effective and reliable tools for
transcript profiling would facilitate platelet-related diagnostics and
experimentation. Thus, we have fabricated a custom platelet microarray
that can be used in conjunction with proteomic analyses to study normal
and diseased platelets. The final transcript list was established by
analyzing microarray results from normal and ET platelets90 and
included platelet-restricted genes without detectable expression in
leukocytes, genes that appear to be associated with a thrombohemor-
rhagic ET phenotype, and genes whose platelet expression is more than
10-fold greater than its leukocyte expression or whose leukocyte
expression is more than 10-fold greater than its platelet expression.
Several Arabidopsis probe elements were included to serve as normal-
ization controls and to minimize interslide and intraslide variability.100

After removing duplicates, the final list contains 432 genes that

clearly cosegregate by cell type (Figure 3). Although initial
analyses demonstrate the potential of this chip to distinguish ET
platelets from normal platelets (data not shown), further studies are
ongoing. Nonetheless, the development of platelet-specific gene
and protein chips could lead to more widespread applicability of
this technology to platelet-related and thrombotic disorders.

General profiling perspectives

Future advances in proteomic technology that incorporate miniatur-
ization,101 coupled with an ability to integrate functional genomics
and proteomics,102 will help unravel the complex biological
pathways that are relevant to platelet-associated disorders. The
human genome encodes between 20 000 and 40 000 genes, whereas
the estimated number of functional proteins may number as much
as half a million because of alternative splicing, translational regulation,
and posttranslational modifications.102 Because of this large number of
functional proteins, we anticipate that integrated analysis of the transcrip-
tome and the proteome are required to optimally dissect the molecular
mechanisms responsible for platelet-related diseases (Figure 4).
Parallel advances in quantitative proteomic techniques will also
have an impact on the field,34-37 resulting in the identification of
platelet-related disease biomarkers and novel therapeutic targets.
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Figure 3. In silico gene rank–intensity plots from a first-generation platelet
gene chip. Normalized data from individual microarray analyses obtained from 3
distinct leukocyte samples (A-C), 5 normal platelet samples (D-H), and 6 essential
thrombocythemic platelet samples (I-N)90 were analyzed by one-way ANOVA using
parametric testing to identify a 432-member gene list. (top) Relative expression of the
platelet-restricted genes (n 
 389). (bottom) Expression intensity of the leukocyte-
restricted genes (n 
 43). Note the clear difference in the expression patterns
between the 2 groups (leukocyte vs platelet).

Figure 4. Integration of platelet transcript and protein profiling to
study human diseases. The combination of proteomic and transcrip-
tomic technologies can be applied for comparative studies between
normal and diseased platelets, ultimately leading to novel diagnostic
assays or to the identification of novel therapeutic targets. Potential
applications include treatment of not only single-gene platelet disorders
but also the broader subset of patients with platelet-related cardiovascular
or cerebrovascular disease. The box summarizes current limitations and
progress achieved to date.
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stabilizes the aggregate and supports re-
sponses, including platelet spreading and
clot retraction. Hence, inside-out and out-
side-in signaling constitute the 2 elements of
the bidirectional signaling across �IIb�3
(see figure) and represent potential anti-
thrombotic therapeutic targets, and their
dissection is indispensable to our under-
standing of platelet biology.

The inside-out and outside-in signaling
pathways ultimately trace to cytoplasmic tails
(CTs) of �IIb�3, which serve as receivers and
transmitters of bidirectional signaling within
the receptor. While the CTs of the �IIb and
�3 subunits are short, they are structurally
complex and interact with numerous binding
partners. Ordinarily, the contribution of spe-
cific structural elements or individual amino
acids can be dissected by straightforward mu-
tagenesis. However, platelets are anucleated;
and alternative approaches have had to be in-
voked to examine inside-out and outside-in
signaling. These approaches have included the
following: (1) expression of �IIb�3 in heterol-
ogous cells; (2) transfection of the primary
megakaryocytes; (3) introduction of mem-
brane-permeable peptides into platelets; and
(4) generation of knock-in mice expressing
mutant �IIb�3. Each of these approaches
has been used successfully to probe integrin
signaling, but each approach has inherent
limitations.

By infecting fetal liver cells from �3-defi-
cient mice with retrovirus engineered to en-
code wild-type �3-subunit and transplanting
these cells into irradiated recipients, Zou and
colleagues show that these cells can success-
fully express �IIb�3 and rescue both inside-
out and outside-in signaling in blood platelets.

This strategy is then used to introduce specific
mutations into the mouse platelets. Inside-out
signaling is evaluated by the capacity of the
platelets to bind soluble fibrinogen, and out-
side-in signaling is assessed by platelet spread-
ing. A single point mutation in the midregion
of the �3 CT, �3Y747A, prevents restoration
of both inside-out and outside-in signaling,
while a point mutation at the extreme C-ter-

minus of �3, �3T762A, results in selective
loss of outside-in signaling. These results are
generally consistent with those derived from
the other approaches we outlined and fortify
the conclusion that different sites within the
�3 CT can mediate different aspects of the
bidirectional signaling.

The experimental approach for in vivo
expression in platelets described by Zou et al
here and by others1 allows analyses of �IIb�3
activation in platelets in vivo and has high
throughput potential. Fetal liver transplanta-
tion could undoubtedly be applied to other
platelet proteins provided that a deficient
mouse background is available. Low, variable,
and unstable expression of the platelet protein
may set limitations on this approach. None-
theless, the Zou et al paper sets the precedent
for a new strategy to dissect inside-out and
outside-in signaling across �IIb�3 in vivo.
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Comment on Raslova et al, page 3225, and comment on Macaulay et al, page 3260

MEGAprofiles provide big insights
into platelet function
----------------------------------------------------------------------------------------------------------------

Wadie F. Bahou STATE UNIVERSITY OF NEW YORK AT STONY BROOK

This issue of Blood contains reports from 2 groups that have used microarray pro-
filing of CD34�-differentiated hematopoietic stem cells to dissect molecular
mechanisms regulating megakaryocytopoiesis and/or for identification of func-
tionally novel platelet receptors. Both reports provide new insights into proplatelet
formation and platelet function.

Hematologists are intrigued by megakaryo-
cytes (MKs), hematopoietic cells readily

distinguishable by their abundant cytoplasm
and large size (� 35-160 �m), nuclear poly-
ploidy (up to 64N), and relative paucity
(0.02%-0.05% of total nucleated bone marrow
cells). While discovery of the existence and
hemostatic functions of blood platelets is gen-
erally assigned to Bizzozero based on pioneer-
ing observations made during the 1880s, link-
ing megakaryocytes to platelet biogenesis is
credited to James Wright in 1906, who made

conclusions based on histomorphometric
similarities of granular and cytoplasmic con-
tent between both cell types.1 In the subse-
quent century, considerable insight has been
achieved in identifying receptors and signaling
pathways that regulate platelet and megakaryo-
cyte biology. Nonetheless, the genetic machin-
ery controlling megakaryocyte transition into
the distinctive endomitotic switch that pre-
cedes the epiphany of cytoplasmic maturation,
membrane demarcation, proplatelet forma-
tion, and platelet release remains incompletely

Distinction between inside-out and outside-in signaling across integrin �IIb�3.
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understood. Similarly, the application of
genomic technologies for identification of
novel, functionally-important platelet genes
and proteins remains a high priority.2

Raslova and colleagues describe cellular
mRNA profiling to specifically dissect genetic
changes occurring during an in vitro model of
megakaryocyte differentiation and ploidiza-
tion. Cells were flow-sorted by modal ploidy,
and gene changes were compared between 2
cellular subsets: aggregate 2N�4N MKs ver-
sus aggregate 8N�16N MKs. Of interest,
transcript changes were limited to approxi-
mately 350 genes across all the subsets, 106 of
which were consistently down-regulated and
248 of which were consistently up-regulated
between the 2 groups. Further analysis high-
lighted additional differences between the
up-regulated and down-regulated subsets;
specifically, members of the latter subset not
infrequently (24/105) corresponded to genes
involved in DNA replication (arrest) and re-
combination repair, while a majority of the
former corresponded to genes important to
platelet biogenesis, viability, and function (ie,
actin and microtubule cytoskeleton, glycopro-
teins, and signaling/transport proteins). It is
important to note, however, that when the
gene subsets are carefully analyzed by gene
ontology functional classification, consider-
able overlap exists between these 2 groups,
confounding detailed interpretations. None-
theless, the data do support a role of ploidiza-
tion in modulating gene expression, although a
direct, regulatory role in platelet biogenesis
remains speculative.

The study by Macaulay and colleagues
adapts a nearly-identical in vitro strategy of
MK differentiation, coupled with a bioinfor-
matic strategy to specifically identify novel
transmembrane domain– containing MK re-
ceptor proteins. An initial gene list of 151 tran-
scripts was assembled using paired, com-
parative expression profiling with CD34�-
differentiated erythroblasts, and the list fur-
ther pared using strict criteria to identify puta-
tive, functionally-relevant platelet proteins.
Five of 8 highly-selected genes were charac-
terized by transcript and protein expression
studies, 3 of which were shown to be platelet
restricted (G6b, G6f, and LRRC32), and an-
other of which (SUCNR1) encoded the G
protein– coupled succinate receptor.3 More
detailed functional studies established that
succinate (a key component of the citric acid
cycle) exhibited costimulatory effects on plate-

let aggregation induced by various platelet
agonists (adenosine diphosphate, thrombin
receptor activating peptide, and a glycoprotein
VI–specific collagen peptide). The latter func-
tional data are especially insightful in that
they identify a novel, cocoupling signal trans-
duction pathway in platelets, while opening
new avenues of research linked to platelet
hyperreactivity.4

While both study designs overlap in their
initial in vitro differentiation strategies using
megakaryocytes, the conclusions, future direc-
tions, and ability to compare data sets are dis-
tinct and limited. One restriction inherent in
cross-experimental microarray data-sharing is
the disparate platforms used among investiga-
tors, well exemplified in these studies, that
used nonoverlapping oligonucleotide or
cDNA probe sets for their analyses.5,6 This
limitation does not minimize results, although
it emphasizes the importance of validation
strategies of transcript differences initially
identified by microarray. The identification of
a costimulatory succinate receptor on platelets
represents a discrete end product of integrated
MK transcriptomic studies, coupled with a
concrete hypothesis and sophisticated experi-
mental design to characterize novel functional
receptors. Likewise, the application of mi-
croarray technology to dissect MK ploidiza-

tion is highly novel, and although the results
are less focused in scope, they are likely to
yield broader implications in the foreseeable
future. Finally, such unique data sets open up
exciting opportunities for sophisticated data
mining likely to provide unexpected insights
into molecular mechanisms of MK and plate-
let function.7
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Comment on León-Ponte et al, page 3139

Serotonin: a real blast for T cells
----------------------------------------------------------------------------------------------------------------

John Gordon and Nicholas M. Barnes UNIVERSITY OF BIRMINGHAM MEDICAL SCHOOL

Mouse T lymphocytes unexpectedly produce the classic neurotransmitter seroto-
nin, which— upon binding the constitutively expressed 5-HT7 Gs-coupled recep-
tor-subtype—signals ERK1/2 phosphorylation and NF�B activation to boost
their stimulation.

Serotonin/5-hydroxytryptamine (5-HT),
often perceived as the brain’s “happy

chemical,” is—increasingly—assuming a
prominent role in immune regulation. In fact,
this “neurotransmitter” is primarily a product
of the periphery, with gut enterochromaffin
cells the principal factories. Intestinal lympho-
cytes could certainly be exposed directly to
their output, though platelets are typically
proffered as the source of the monoamine
within the immune system: these 5-HT–
loaded reservoirs delivering their potent cargo

at sights of inflammation and immunologic
reactivity.1,2

In this issue of Blood, León-Ponte and col-
leagues not only consolidate serotonin’s im-
portance to T-cell activation but also tender a
paradigm whereby the monoamine is provided
by the immune cell itself. Critical to any out-
come from 5-HT exposure—whether the
source be autocrine or paracrine—is a capacity
for target cells to sense the monoamine. This
could be via the serotonin transporter (SERT)
or one or more of 14 receptor subtypes (13 in
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Platelet hyper-reactivity is likely to play a role in cardiovascular disease, but there are no 
standardized tests to evaluate platelet responsiveness. A ‘platelet chip’ (a synthetic 
oligonucleotide microarray representing all platelet-restricted genes) is under 
development as a tool for high-throughput characterization of platelet-based bleeding 
and clotting disorders. In future, platelet gene profiling may be used to improve 
thrombohemorrhagic risk assessment and to guide antiplatelet therapy for patients at 
risk of cardiovascular disease. 

Genetics & cardiovascular disease
Family studies have shown that there is a
genetic component to coronary disease risk, and
estimates of the effects of inheritance on myo-
cardial infarction (MI) have ranged from 20 to
80% [1]. However, attempts to identify poly-
morphisms that influence coronary disease risk
have yielded only weak associations thus far.
Common polymorphisms for apolipoproteins
and other genes involved in lipid metabolism
are associated with odds ratios for MI ranging
from 0.8 to 1.5 [2]. Even weaker associations
with coronary disease are found for platelet
glycoprotein (GP) receptor variants, factor V
Leiden, prothrombin 20210A and factor VII
polymorphisms, according to a recent meta-
analysis [3]. Importantly, genetic predisposition
for MI can result from an additive or synergistic
effect of several genes that have only a small role
by themselves [4]. Therefore, large studies focus-
ing on gene–gene and gene–environment inter-
actions are required for a better understanding
of cardiovascular disease risk.

Role of platelets in atherothrombosis
Atherosclerosis is a chronic inflammatory disease
specific to the arterial circulatory system [5], and
platelet–leukocyte interactions play a role in this
process. Platelets accumulating at sites of arterial
injury can recruit leukocytes to the vessel wall
via binding to platelet surface GPs. Activated
platelets express CD40 ligand, and thereby pro-
voke endothelial cells to secrete chemokines and
express adhesion molecules. Dysfunctional
endothelial cells promote platelet thrombosis by
several mechanisms: 

• Secreting von Willebrand factor, which causes
platelet adhesion; 

• Exposing and/or releasing platelet agonists,
such as collagen, epinephrine, ADP and
thrombin, thereby enhancing post-adhesive
aggregation;

• Failing to produce platelet antagonists such as
nitric oxide and prostacyclin (PGI2).

The primary role of platelets is to trigger
hemostasis in a damaged vessel to maintain vas-
cular integrity. Platelets undergo adhesion and
activation when a vessel wall is disrupted at the
site of a wound, but will also undergo these
changes when atherosclerosis disrupts a coronary
artery. Thus, the function of normal platelets is
usually too efficient for the safety of patients
with coronary artery disease (CAD), and
antiplatelet drugs have been designed to reduce
platelet function [6]. In the causation of athero-
thrombosis, platelets are one player in a cast that
includes neutrophils, monocytes, macrophages,
endothelial cells and coagulation proteins. Just as
antiplatelet drug therapy can be useful in con-
junction with other approaches (i.e., cholesterol-
lowering therapy), the development of platelet
genetic profiling as a tool for risk assessment has
great potential utility, although other risk factors
are also important. 

Antiplatelet drug therapy in CAD
Currently, the key antiplatelet drugs fall into
three categories:

• Aspirin, which blocks the cyclooxygenase
pathway;

• Thienopyridines such as clopidogrel, which
inhibit the P2Y12 receptor for ADP on platelets;

• GPIIb–IIIa antagonists such as tirofiban and
eptifibatide.
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For patients with preclinical CAD, who do not
experience angina, antiplatelet therapy is recom-
mended for men over the age of 50 or women
over the age of 60 with at least one major risk fac-
tor for CAD: tobacco smoking, hypertension,
diabetes mellitus, hypercholesterolemia or a fam-
ily history of premature CAD. For these patients,
aspirin at a dose of 75–162 mg/day is recom-
mended, assuming there are no contraindica-
tions. Addition of low-intensity warfarin (target
international normalised ratio of 1.3–1.5) may be
considered for individuals who have multiple risk
factors and extensive family history of premature
CAD [6,7]. The Clopidogrel for High Athero-
thrombotic Risk and Ischemic Stabilization,
Management and Avoidance (CHARISMA) trial
compared aspirin alone with a combination of
aspirin and clopidogrel for patients with either
documented cardiovascular disease or multiple
atherothrombotic risk factors. The combination
of aspirin and clopidogrel demonstrated a trend
toward benefit, but there was no statistically sig-
nificant difference in the combined incidence of
MI, strokes and cardiovascular deaths, and there
was a trend toward a higher incidence of severe
bleeding in the dual therapy group [8]. Thus, for
this group of patients, dual antiplatelet therapy
did not appear superior to aspirin alone.

All three types of drug are useful in unstable
CAD, including acute coronary syndromes and
acute MI. For patients with stable coronary symp-
toms, oral aspirin is recommended unless there is
a contraindication to aspirin, and then clopidog-
rel may be substituted. For secondary prevention
in patients who have experienced an MI, the ben-
efit of low-dose aspirin therapy exceeds its risks by
an even wider margin than in primary prevention
[7]. The role of clopidogrel in secondary preven-
tion of CAD has received scrutiny in many recent
studies and cost-analyses. An analysis based on
the Clopidogrel Versus Aspirin in Patients at Risk
of Ischemic Events (CAPRIE) study did not find
clopidogrel to be cost-effective [9], but subsequent
studies identified cost-effective indications for
clopidogrel in patients who have experienced
acute coronary syndromes [10,11].

Aspirin resistance & potential utility of 
platelet profiling
While clinical ‘aspirin failure’ refers to the recur-
rence of thrombotic events despite aspirin ther-
apy, laboratory ‘aspirin resistance’ has no
standardized definition. Residual platelet activa-
tion can be detected despite aspirin therapy,
whether platelet activation is measured by

aggregometry [12], flow cytometry for P-selectin
[13], agglutination of fibrinogen-coated beads [14]

or a platelet function analyzer [15]. Some studies
suggest that laboratory aspirin resistance may pre-
dict recurrent thrombotic events [12,15]. However,
aspirin resistance testing is not currently recom-
mended in clinical practice, because there is insuf-
ficient evidence to guide the tailoring of
antiplatelet therapy based on such results [16,17].
Differences in the pharmacokinetics of aspirin
metabolism, use of other nonsteroidal anti-
inflammatory drugs, presence of cyclooxygenase
(COX)-1 polymorphisms, catecholamine levels,
COX-2 expression and isoprostane synthesis may
contribute to the differences in aspirin response.
Standardized laboratory tests that can predict
clinical aspirin failure are required. It is unclear
whether aspirin-resistant patients would benefit
from higher doses of aspirin, alternate antiplatelet
agents or other approaches for cardioprotection.
If platelet phenotypic/genotypic assays can be
developed to predict responsiveness or adverse
events, such assays would be clinically useful.

Cyclooxygenase inhibition & CAD
Aspirin inhibits COX activity by irreversibly
acetylating the COX-1 enzyme. This inhibition
concurrently diminishes the generation of both
thromboxane (Tx)A2 and PGI2 from arachi-
donic acid. Platelets normally express only
COX-1, not COX-2.

The cardiovascular risks of COX-2 inhibitors
(coxibs) have recently drawn attention. Antman
describes a model for the use of coxibs in the nor-
mal state and in states of vascular inflammation
[18]. Central to this model is the balance between
TxA2 and PGI2 in normal and diseased vessels. In
the normal artery, the balance between PGI2 and
TxA2 production favors PGI2 and inhibition of
platelet-dependent thrombus formation. In the
atherosclerotic artery, the production of both
PGI2 and TxA2 is increased, in part, owing to
increased platelet activation with compensatory
PGI2 formation via both COX-1 and COX-2 in
endothelial cells; the net effect is an imbalance
favoring TxA2 production and platelet-depend-
ent thrombus formation. Low-dose aspirin selec-
tively impairs COX-1-mediated TxA2
production in platelets, restoring the net anti-
thrombotic balance. In the setting of atheroscle-
rosis, COX-2 has a greater role as a source of
PGI2 and more TxA2 is produced; thus, inhibit-
ing COX-2 has a more profound effect on prosta-
noid balance, favoring TxA2 production and
promoting platelet-dependent thrombosis.
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 The dogma that platelets express only COX-1,
but not COX-2, has been challenged in certain
scenarios, including CAD. COX-2 is expressed in
young platelets [19] and in platelets from cardiac
bypass patients [20]. An mRNA variant of
COX-2, termed COX-2a, was found in platelets
from patients after coronary artery bypass graft-
ing [21]. Another variant, known as COX-3, may
or may not be expressed in platelets [22,23]. One
study reported de novo synthesis of COX-1
mRNA and protein by mature platelets in vitro
[24]. The relative activity of the COX pathways,
through which prostaglandins and thromboxanes
are generated, clearly has an impact on the cardi-
ovascular risk of the individual patient. However,
methods with which to assess such activity are
not currently in clinical use. Furthermore, more
global approaches to dissect non-COX-mediated
platelet pathways that may regulate thrombotic
risk are generally lacking.

Figure 1 depicts the observation that platelets
from patients undergoing coronary artery bypass
grafting display increased levels of COX-2
mRNA and also express the splice variant

COX-2a [21,23]. This example illustrates a model
in which differences in platelet gene transcrip-
tion contribute to atherothrombosis. As meg-
akaryocytes differentiate into platelets, mRNA
transcription results in different levels of gene
expression and alternative splicing produces dif-
ferent sequences. These changes may be useful
for identifying disease states and assessing
thrombotic risk. 

Platelet transcriptome: the application 
of microarray analysis to platelets
Modern post-genomic, high-throughput
approaches allow integrated studies of molecular
components involved in cell function at the
RNA and protein level. Platelets represent an
attractive, simplified model for these studies as
they lack nuclear DNA and their genome con-
sists of a small subset of megakaryocyte-derived
mRNA transcripts. This complete pool of plate-
let RNAs is significantly smaller than the tran-
scriptome of a nucleated cell [25]. Platelets retain
the capacity for protein biosynthesis from cyto-
plasmic mRNA. The traditional paradigm that
platelet mRNA content is invariant and gradu-
ally declines with cell senescence was challenged
when signal-dependent pre-mRNA splicing was
identified in platelets [26]. Signal-dependent
splicing provides a mechanism for altering the
repertoire of translatable messages in response to
cellular activation/stimulation. Furthermore,
platelets have essential components of a func-
tional spliceosome and selected unspliced pre-
mRNAs. These spliceosomes retain a unique
ability to splice pre-mRNA in the cytoplasm (as
opposed to the typical nuclear location), a capa-
bility not described in any other mammalian
cell. This discovery emphasizes that the molecu-
lar mechanisms of platelet function cannot be
optimally dissected without accurate platelet
transcript profiling [27].

Microarray analysis adapts artificially con-
structed grids of known DNA samples in such a
way that each element of the grid probes for a
specific RNA sequence; these are then used to
capture and quantify RNA transcripts. Microar-
ray platforms developed to date represent closed
transcript profiling systems – that is, they detect
only those transcripts that correspond to specific
probes imprinted on the chip. Transcripts with-
out corresponding probes are not detected.
Recent technological advancements allow accu-
rate whole genome transcript profiling and are
capable of detecting alternatively spliced tran-
scripts [28]. Figure 2 outlines a three-step general

Figure 1. Model in which differences in platelet gene 
transcription contribute to atherothrombosis.
 

As megakaryocytes differentiate into platelets, mRNA transcription results in 
different levels of gene expression and alternative splicing produces different 
sequences. These changes may be useful for identifying disease states and 
assessing thrombotic risk. In this example, platelets from patients undergoing 
coronary artery bypass grafting display increased levels of COX-2 mRNA and 
also express a splice variant known as COX-2a [21,23].
COX: Cyclooxygenase.
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Normal platelets

Coronary artery bypass
surgery patients exhibit:
• Increased COX-2 in platelets
• Alternative splicing (COX-2a)
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Altered platelets: atherothrombosis
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strategy for the development of platelet microar-
rays in clinical diagnostics, and incorporates the
need for generation of a comprehensive platelet
oligonucleotide array, determination of normal
and reliable profiles and application of the arrays
for diagnostics [29].

Serial analysis of gene expression (SAGE) rep-
resents an open transcript profiling system,
which relies on the observation that short
sequences (tags) within 3´-mRNAs can strin-
gently discriminate among genes. Differentially
expressed genes can be identified in a quantita-
tive manner, and genes expressed at very low lev-
els can be identified by SAGE. The over-
representation of mitochondrial transcripts in
the platelet transcriptome limits the applicability
of SAGE in platelet diseases, but the technique is
useful for gene discovery [27].

To date, a limited number of microarray
experiments using platelet-derived mRNAs have
been published; these studies generally agree on
platelet transcript quantitation and gene expres-
sion patterns [25,30–32]. The feasibility of analyz-

ing platelet transcripts from a single platelet
donor with as little as 50 ng total platelet RNA
has been demonstrated; this is readily obtained
by peripheral venipuncture [30]. Recently, micro-
array analysis was used to identify genes that are
differentially expressed in several platelet-related
diseases, including essential thrombocythemia.
These studies clearly establish the feasibility of
platelet transcript profiling in identifying differ-
entially expressed genes, characterizing novel
platelet-expressed genes and elucidating the
molecular signature of a disease with potential
application for platelet diagnostics [27,33,34].

Recently, platelet transcriptomes were ana-
lyzed from patients with acute MI and stable
CAD to identify candidate genes with differen-
tial expression. The strongest discriminators of
ST-segment elevation MI (STEMI) were CD69
and myeloid-related protein (MRP)-14. Plasma
levels of MRP-8/14 heterodimer were elevated in
STEMI patients. A validation study found that
MRP-8/14 levels could independently predict
the risk of any vascular event in apparently

Figure 2. Schema outlining comprehensive approach for platelet 
microarray development.
 

The fabrication of a platelet-specific spotted oligonucleotide chip will provide a powerful tool for screening 
patient cohorts with cardiovascular disease. Once transcriptional differences are identified and validated, 
they will provide insight into the molecular basis of thrombosis, and can be used for the development of 
novel diagnostic therapeutic drug targets, improved thrombohemorrhagic risk profiling and a more tailored 
approach to antiplatelet drug prescribing.
RT-PCR: Reverse transcriptase PCR.

Normal platelets Custom platelet
oligonucleotide chip

Altered platelets: atherothrombosis
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healthy women [33]. This study was criticized for
nonagreement with microarray and proteomic
studies by others, and for possible contamination
of the platelet fraction by leukocyte microparti-
cles [35]. The authors countered that they dem-
onstrated MRP-14 expression in both
megakaryocytes and platelets that lacked anti-
body staining for leukocyte markers. In any case,
this study clearly used platelet expression profil-
ing to identify a novel determinant of cardiovas-
cular events, and this determinant was validated
in one clinical study.

Integrating platelet transcriptomic & 
proteomic studies 
Although studies have shown relatively good cor-
relation between proteomic and transcriptomic
data in the end points of detection and identifi-
cation, there is sometimes a discordance between
the two. The lack of detailed quantitative corre-
lations limits the ability to compare platelet gene
and protein levels with those of nucleated cells.
Some studies have found that approximately one
third of platelet proteins identified by proteomic
methods are not reflected in the transcriptome
[31,36–39]. The discordance may be due to the lim-
ited mRNA stability of these genes, failure of
microarray analysis to detect very low levels of
RNA, the occurrence of proteins that may be
synthesized in megakaryocytes, after which
mRNA is degraded, and the fact that some pro-
teins may be taken up from plasma or from other
cells rather than synthesized in megakaryocytes
or platelets [39]. Conversely, mRNA transcripts
identified by transcriptomic methods are not
always detected by proteomic techniques; the
frequency of this problem is unclear. When pro-
teins are not identified, this may be due to the
failure of current proteomic methods to identify
proteins with certain structural or biochemical
characteristics and/or to lack of translation of
mRNA [39].

With improving technology, it is becoming
feasible to adapt transcriptomic analysis to pre-
dict differences in the proteome, to validate
these differences between normal and diseased
platelets and to exploit these differences to
develop modern diagnostic tests [27,40]. Using
suppressive-subtractive hybridization PCR, one
group found gender differences in platelet tran-
scripts that were consistently reflected in protein
levels [41]. 

There is no clear relationship between mRNA
(or protein) levels and the importance of the
resulting protein-to-platelet function. Dynamic

changes in levels of rare transcripts can have
more relevance to platelet function than absolute
levels of common transcripts. For some genes
and their corresponding proteins, substantial
fluctuations in levels may be normal, whereas for
others small changes may carry a large impact on
platelet function. The level of redundancy of
transcripts and the amplification of small signals
by downstream transduction pathways are fac-
tors that contribute to the unequal relationship
between abundance and functional significance.

Limitations & perspectives of 
transcript profiling
The major limitations of modern transcript pro-
filing approaches include reliable and reproduc-
ible detection of low-abundant transcripts,
feasibility of truly quantitative transcript profil-
ing, bulky and complex data processing and, in
the case of platelets, limited amounts of RNA.
Furthermore, accurate platelet transcript profil-
ing requires stringent attention to purification
methodologies because a single nucleated cell
(i.e., a leukocyte) contains considerably more
mRNA than a platelet. The platelet transcrip-
tome is complex and dynamically controlled at
different levels, including regulation by
miRNAs, signal-dependent pre-mRNA splicing
and translational control pathways. Despite sig-
nificant progress in microarray chip design,
accurate transcript profiling still requires valida-
tion by quantitative (Q)PCR or other tech-
niques, followed by protein antigenic and
functional correlational analyses. Efficient
mRNA amplification, development of more sen-
sitive whole genome microarrays (which detect
alternatively spliced transcripts) and enhance-
ments to bioinformatics software should obviate
some of these restrictions.

The expense of global transcript and platelet
protein profiling precludes investigators from
performing larger disease cohort studies. The
development of cost-effective and reliable tools
for transcript profiling would facilitate platelet-
related diagnostics and experimentation. Thus,
we have fabricated a first-generation custom
platelet microarray that can be used in conjunc-
tion with proteomic analyses to study normal
and diseased platelets. The final transcript list
contains 432 genes that clearly cosegregate by
cell type (platelet vs leukocyte) [27]. The develop-
ment of platelet-specific gene (and protein)
chips should lead to more widespread applica-
bility of this technology to dissect mechanisms
of platelet-related thrombotic disorders.
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Conclusion & future perspective 
Much is known about the mechanisms by which
platelets contribute to atherothrombosis. How-
ever, this knowledge has yet to be translated to
laboratory tests that can predict the risk of throm-
botic events in CAD patients. Thus, no guide-
lines are available to tailor antiplatelet therapy to
any measure of platelet responsiveness in patients.

The ability to integrate functional genomics
and proteomics will help unravel the complex
biological pathways that are relevant to platelet-
associated disorders, resulting in the identification
of platelet-related disease biomarkers and novel
therapeutic targets. A custom platelet microarray

is currently under development to assess throm-
bohemorrhagic risk in patients with platelet dis-
eases. We would speculate that in the foreseeable
future, platelet gene profiling will be developed as
a tool to improve thrombohemorrhagic risk
assessment and to guide antiplatelet therapy for
patients at risk of cardiovascular disease.

Acknowledgments
This work was supported by NIH grants HL49141, HL53665
and HL76457, Department of Defense grant MPO48005; a
Targeted Research Award from Stony Brook University and
National Institutes of Health Center grant MO1 10710–5 to
the University Hospital General Clinical Research Center.

Executive summary

Genetics & cardiovascular disease

• Individually, polymorphisms for platelet glycoprotein receptor genes, apolipoproteins and other genes involved in coagulation and 
lipid metabolism show weak associations with coronary artery disease (CAD) risk.

• Genetic predisposition for myocardial infarction (MI) can result from an additive or synergistic effect of several genes that have 
only a small role by themselves.

Role of platelets in atherothrombosis

• Platelet–leukocyte interactions play an important role in the chronic inflammatory process known to be functional 
in atherosclerosis.

• The formation of a platelet plug at the site of an atheromatous plaque represents the final step in ischemic heart disease and MI.

Antiplatelet drug therapy in CAD

• Key antiplatelet drugs include aspirin, which blocks the cyclooxygenase pathway, thienopyridines such as clopidogrel, which 
inhibit the P2Y12 receptor for ADP on platelets and glycoprotein IIb–IIIa antagonists such as tirofiban and eptifibatide. 

• All are useful in unstable CAD, and aspirin or clopidogrel are used in primary or secondary prophylaxis in patients at cardiac risk.
• While aspirin alone is recommended in preclinical CAD, low-intensity warfarin may be added for individuals at very high risk of 

cardiovascular events. The role of clopidogrel in primary prevention requires further study. 

‘Aspirin resistance’ & potential utility of platelet profiling

• Clinical ‘aspirin failure’ refers to the recurrence of thrombotic events despite aspirin therapy.
• Laboratory ‘aspirin resistance’ has no standardized definition.
• Standardized laboratory tests that can predict clinical aspirin failure are required.

Cyclooxygenase inhibition & CAD

• Aspirin inhibits cyclooxygenase (COX) activity by irreversibly acetylating the COX-1 enzyme, reducing the generation of both 
thromboxane (Tx)A2 and prostacyclin.

• The atherosclerotic artery features an imbalance favoring TxA2 production and platelet-dependent thrombus formation, an 
imbalance which is worsened by the use of COX-2 inhibitors.

• Platelets normally express only COX-1, but can also express COX-2 in certain clinical settings such as cardiac bypass. 
• Methods to assess the activity of COX pathways in individual patients are not currently in clinical use.

Platelet transcriptome: the application of microarray analysis to platelets

• Although platelets are anucleate, they retain megakaryocyte-derived mRNA and are capable of translating protein.
• Platelets contain functional spliceosomes and carry out signal-dependent pre-mRNA splicing in the cytoplasm. Splicing may be a 

key regulatory event during platelet activation.
• Microarray analysis has demonstrated a clear and reproducible molecular signature unique to platelets.
• Transcript analysis is a tool for identifying novel platelet genes that may regulate normal and pathologic platelet functions.
• A ‘platelet chip’ (a synthetic oligonucleotide microarray representing a subset of platelet-expressed genes and their 

polymorphisms) would be useful for high-throughput characterization of platelet-based disorders.

Conclusion

• In future, platelet gene profiling may be used to improve thrombohemorrhagic risk assessment and to guide antiplatelet therapy 
for patients at risk of ischemic cardiovascular disease. 
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Summary
Platelets are anucleated cells that contain small amounts
of mRNA of megakaryocyte origin and possess the ca-
pacity for signal-dependent pre-mRNA splicing. They
have an important role in diverse hemostatic and patho-
logical disorders, including vascular remodeling, inflam-
mation and wound repair. Recent progress in high-
throughput mRNA profiling techniques permitted first in-
sights into the platelet transcriptome – a catalogue of all
mRNA transcripts expressed in platelets. It is evident that
platelets have a unique and reproducible molecular sig-
nature. Detailed analysis of the platelet transcriptome
has resulted in the identification of many genes and pro-
teins, previously unknown to be expressed in platelets.
Furthermore, microarray analysis was applied to platelet
disorders: i) as potentially a powerful tool for differential
diagnosis, ii) to study the molecular basis of the disease
and iii) to identify potential targets for therapy. In this re-
view, we focus on recent applications of transcript profil-
ing to platelet studies. We briefly review current ap-
proaches to transcriptome analysis and describe practi-
cal application of these approaches to investigate molec-
ular mechanisms of essential thrombocythemia, gray
platelet syndrome and polycythemia vera.


Schlüsselwörter
Thrombozyten · mRNA-Profiling · Transkriptom · 
Thrombozyten-mRNA · Thrombozytenerkrankungen


Zusammenfassung
Thrombozyten sind Zellfragmente ohne Zellkern, die eine
geringe Menge mRNA megakaryozytären Ursprungs ent-
halten und über die Fähigkeit zu signalabhängigem pre-
mRNA-Splicing verfügen. Sie spielen eine wichtige Rolle
in verschiedenen hämostatischen und pathologischen
Erkrankungen, einschließlich vaskulären Veränderungen,
Entzündungen und Wundheilung. Jüngste methodische
Fortschritte des umfassenden mRNA-Profilings ermög-
lichten ersten Einsichten in das Thrombozyten-Transkrip-
tom – einer Auflistung aller in Thrombozyten vorkom-
mender mRNA-Transkripte. Es wurde eindeutig gezeigt,
dass Thrombozyten eine einzigartige und reproduzierba-
re molekulare Signatur aufweisen. Eine detaillierte Ana-
lyse des Thrombozyten-Transkriptoms führte zur Identifi-
zierung vieler Gene und Proteine, von denen bisher nicht
bekannt war, dass sie in Thrombozyten auftreten. Des
Weiteren wurde die Mikroarray-Analyse auf Thrombozy-
tenerkrankungen angewendet: 1) als mögliches wichti-
ges Instrument zur Differenzialdiagnose, 2) zur Untersu-
chung der molekularen Grundlage der Erkrankung und
3) zur Identifizierung möglicher Ziele im Rahmen einer
Therapie. In diesem Artikel konzentrieren wir uns auf
neueste Anwendungen des Transkript-Profiling zur
Untersuchung von Thrombozyten. Wir gehen auf neue
Ansätze in der Transkriptom-Analyse ein und beschrei-
ben den praktischen Einsatz dieser Methoden bei der
Untersuchung molekularer Mechanismen der essentiel-
len Thrombozythämie, des Gray-Platelet-Sydroms und
der Polyzythämie vera.
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Introduction


Platelets play critical roles in normal hemostatic processes
and pathologic conditions, such as thrombosis, vascular re-
modeling, inflammation and wound repair. Generated as cy-
toplasmic buds from precursor bone marrow megakaryocytes,
platelets are anucleate and lack nuclear DNA although re-
taining small amounts of megakaryocyte-derived mRNAs [1,
2]. Platelets on average contain as little as 2 × 10–3 fg
mRNA/cell (approximately 3–4 logs less RNA than a typical
nucleated cell [3]), although younger platelets contain rela-
tively larger amounts of mRNA, as determined by use of flu-
orescent nucleic acid dyes such as thiazole orange [4].
Platelets contain rough endoplasmic reticulum and polyribo-
somes and retain the ability for protein biosynthesis from cy-
toplasmic mRNA [5, 6]. Quiescent platelets generally display
minimal translational activity, although newly formed
platelets synthesize various α-granule and membrane glyco-
proteins, including GPIb and GPIIb/IIIa (αIIbβ3). Further-
more, stimulation of quiescent platelets by agonists, such as
α-thrombin, increases protein synthesis of various platelet
proteins, including Bcl-3 [7].
Some diseases originating from either inherited (both quanti-
tative and qualitative) or acquired platelet disorders are char-
acterized by the deficiency of key platelet-specific proteins [8,
9]. Better understanding of the molecular mechanisms of
platelet pathology requires detailed studies of the entire pool
of platelet mRNA transcripts and proteins. Until recently, low
levels of mRNA in platelets made mRNA profiling analysis
challenging. But advances in gene profiling technologies, cou-
pled with the completion of the Human Genome Project, have
permitted first insights into the platelet transcriptome – the
catalogue of the entire population of mRNAs transcripts pre-
sent in platelets. Historically, the platelet mRNA content was
considered invariant, gradually declining with cell senescence,
presumably at various rates for distinct transcripts. The tradi-
tional paradigm was re-configured with the discovery of sig-
nal-dependent pre-mRNA splicing in platelets [10]. This ob-
servation established that platelets possess essential spliceo-
some components, such as U1 70K protein and all U snRNAs,
as well as select unspliced pre-mRNAs from megakaryocytes.
Interestingly, these spliceosomes retain the unique ability of
pre-mRNA splicing in the cytoplasm (as opposed to the typi-
cal nuclear location) – a functional capacity undescribed in
any other type of mammalian cells. Specifically, platelets pre-
cisely excise introns from interleukin-1β pre-mRNA in re-
sponse to surface receptor activation. Signal-dependent splic-
ing allows platelets to alter the pool of translatable messages
from the same invariable pool of transcripts in response to cel-
lular activation/stimulation. This discovery emphasizes the im-
portance of accurate platelet transcript profiling – along with
studies focusing on the correlation between mRNA abun-
dance and protein expression – in order to optimally dissect
complex processes of platelet function.
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Two complimentary techniques are predominantly used for
mRNA transcript profiling – microarray and serial analysis of
gene expression (SAGE). Microarray technology represents a
‘closed’ profiling strategy limited by the target genes imprinted
onto gene chips. In contrast, SAGE is an ‘open’ architectural
system that can be used to identify novel genes and to quantify
differentially expressed mRNAs [11, 12]. Taken together, these
techniques provide a panoramic definition of the entire pool of
mRNA transcripts, constituting the transcriptome. In this re-
view, we focus on the application of recent platelet transcrip-
tome findings to the general understanding of molecular mech-
anisms of platelet function and provide perspectives of molec-
ular diagnostics of platelet-associated diseases.


Approaches to Transcriptome Analysis (mRNA Profiling)


Microarray Analysis


Microarray analysis adapts artificially constructed grids of
known DNA samples such that each element of the grid
probes for a specific RNA sequence. These are then used to
capture and quantify RNA transcripts [13]. Many different


Fig. 1. Schema of microarray mRNA analyses. Two-color microarray
analysis provides information on the differential expression of genes be-
tween two tissue samples. One-color microarray analysis measures gene
expression profile from a single tissue and have enough built-in controls
and standards to normalize data so that different arrays can be analyzed
simultaneously. Both analyses include transcript labeling (either cDNA
or cRNA), hybridization to the chip, washing, scanning and data pro-
cessing.







protocols and types of microarray have been developed to
date – oligonucleotide and cDNA arrays, commercially avail-
able whole-genome arrays and custom-made tissue-specific ar-
rays. All of them require i) isolation of RNA from biological
sample, ii) copying of RNA into either cRNA or cDNA, si-
multaneously incorporating either fluorescent nucleotides or a
tag that is later used for fluorescent labeling, iii) hybridization
to a microchip containing a grid of DNA probes, iv) washing,
v) labeling (if necessary, depending on the protocol), vi) scan-
ning under laser light, and vii) image processing, data extrac-
tion and analysis (fig. 1).
Both cDNA and oligonucleotide arrays are used in microarray
experiments, either purchased commercially or generated for
tissue-specific analyses. Irrespective of the approach, bioinfor-
matic clustering tools are required for delineation of closely
related expression patterns that might be controlled by com-
mon regulatory mechanisms. Oligonucleotide microarrays
provide for an absolute signal intensity for a single sample at a
specific point in time, whereas spotted cDNA microarrays
provide comparative signal intensities between two simulta-
neously processed tissue sources. The sources for cDNA ar-
rays are generally PCR products from expressed sequence
tags (ESTs) or from cell (tissue)-specific sources, followed by
robotic fabrication onto glass slides (‘spotted cDNA microar-
ray’). In contrast, the technology for oligonucleotide arrays
has been pioneered commercially using a combination of pho-
tolithography and solid-phase DNA synthesis. The latter tech-
nology generates relatively short (25-mer) oligonucleotides
specific for transcripts of interest, with sequence-specific mis-
matches (1-base pair/oligonucleotide) that serve as important
internal controls to assess hybridization specificity and ‘sys-
tem noise’. In addition, concomitant use of multiple oligonu-
cleotide primers encompassing different regions of the same
transcript allow for more accurate and reliable profiling. Soft-
ware algorithms compare the relative intensities of each tran-
script-specific signal, quantifying integrated signal specificities
(perfect match) adjusted for non-specific hybridization (mis-
match) to the transcript control. These average difference val-
ues, typically reported in logarithmic (base 2) transformations,
generally reflect relative transcript abundance. Oligonu-
cleotide arrays have been used to distinguish acute myeloge-
nous leukemia from acute lymphoblastic leukemia, suggesting
that transcript signatures may provide for novel, discriminato-
ry methods for molecular classification [14].
In contrast, spotted cDNA arrays typically can be adapted for
delineation of relative transcript abundance between two cel-
lular sources (i.e. control and transformed cells). In this case,
one mRNA population is labeled with one fluorophore (i.e.
Cy3) and the other with a wavelength-restricted alternative
fluorophore (i.e. Cy5), and both pools are competitively co-
hybridized to the same slide for quantification of relative ex-
pression of individual transcripts. The utility of such an ap-
proach has demonstrated distinct mRNA profiles in patients
with diffuse large B-cell lymphoma. Hierarchical clustering
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tools were used to sub-classify these lymphomas and to corre-
late gene expression patterns with disease outcome [15]. Simi-
larly, gene expression profiling appeared to predict the out-
come of young patients with breast cancer [16], suggesting
that molecular classification may become a more broadly uti-
lized technology for rational therapy of certain human dis-
eases. Several different microarray systems are commercially
available, including whole-genome microarrays from
Affymetrix (Santa Clara, CA, USA), Applied Biosystems
(Forster City, CA, USA), MWG-Biotech AG (Ebersberg,
Germany) and others.


Serial Analysis of Gene Expression


Classical SAGE [11] relies on the observation that short (<10
bp) sequences within 3’-mRNAs can stringently discriminate
among the approximately 30,000 genes comprising the human
genome, assuming a random nucleotide distribution along a
9-bp stretch (49 bp = 262,244 random nucleotide combina-
tions). SAGE is completed by i) isolation of RNA from bio-
logical sample, ii) preparation of a 3’ end-specific cDNA li-
brary, iii) generation and concatenation of tags from the
cDNA library using an anchoring enzyme, such as NlaIII, and
a tagging enzyme, such as BsmFI, and iv) cloning of tag con-
catemers into a sequencing vector and performing automated
sequencing (fig. 2). The sequence of each tag along with its
positional location, uniquely identifies the gene from which it
is derived, and differentially expressed genes can be identified
in a quantitative manner since the frequency of tag detection


Fig. 2. Schema of
SAGE as an approach
to mRNA transcript
profiling. 
AE = anchoring 
enzyme, TE = tagging
enzyme.
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reflects the steady-state mRNA level of the cellular transcrip-
tome [11, 12] (www.sagenet.org). With relatively deep sam-
pling (> 50,000 tags), genes expressed at low levels (< 0.01%
of total mRNA) can be readily identified. Two limitations of
the current SAGE technology are the relatively short (14 bp)
and variable tag lengths caused by the tagging enzyme BsmFI
not always cleaving a fixed distance 3’ into the covalently at-
tached cDNA, and the large amount of redundant DNA se-
quencing needed for a comprehensive analysis of low-abun-
dant mRNA transcripts [11]. Modifications to the original pro-
tocols have been devised for i) generation of longer tags as a
means of providing more definitive tag-to-gene identification,
ii) efficient identification of low-abundant transcripts using
subtractive SAGE techniques, and iii) amplification tech-
niques to circumvent small mRNA starting material [17–19].


Quantitative Reverse Transcription PCR


Although quantitative reverse transcription PCR (Q-PCR)
can be used to monitor expression levels of only a limited sub-
set of transcripts and therefore cannot be applied for whole-
genome mRNA profiling, it represents an invaluable tool for
the validation of mRNA profiling findings. Q-PCR techniques
have also been successfully used to characterize inherited
platelet disorders (such as Glanzmann’s thrombasthenia and
Bernard-Soulier syndrome) and to identify platelet-specific al-
loantigenes [9, 20].


Uncovering the Platelet Transcriptome


Microarray


The limited yield of RNA means that potential interference by
contaminating leukocyte-derived RNA may bias transcript
profiling approaches. Despite this technical concern, a limited


number of published microarray studies using megakaryocyte-
or platelet-derived mRNAs have been described, with gener-
ally concordant agreements on transcript quantitation and
gene expression patterns (table 1). Not surprisingly, platelets
have less transcripts than those found in nucleated cells, rang-
ing from 1,600 to 3,000 mRNAs [21–23]. In particular,
platelets express much less transcripts than leukocytes [24, 25]
The small number of platelet-expressed transcripts represents
the lack of ongoing transcription in the anucleate platelet. The
quantitative differences between studies presumably reflect,
in part, the methods of isolation.
Several well-characterized platelet transcripts are amongst the
most abundant genes identified in the platelet transcriptome
(i.e. platelet factor (PF) 4, glycoprotein 1bβ,), while numerous
transcripts encoding proteins involved in cytoskeletal organi-
zation (actin, thymosin β4, cofilin) are also readily identified
[26] (table 2). A large percentage of genes with miscellaneous
(25%) or unknown (32%) function as annotated by
Affymetrix and RefSeq databases are also evident [27]. Thus,
nearly one half of platelet genes and gene products presum-
ably have important but poorly characterized functions in
platelet and/or megakaryocyte biology. The mRNAs encoding
the actin-related machinery are overrepresented in these
analyses [22] – not unexpected, given prior estimates that
20–30% of the total platelet proteome is comprised of actin or
actin-related proteins, such as mysosin and talin [28]. In un-
stimulated platelets, 30–40% of actin is polymerized as F-
actin, while the balance of G-actin monomers are polymeriza-
tion-inhibited by sequestering proteins, such as profilin and
thymosin β4 [29]. The high thymosin β4 transcript expression
not only correlates with its known abundance in platelets, but
supports the importance of actin inhibitory proteins in main-
taining the non-stimulated state of circulating platelets. Genes
involved in the immune response (chemokines, growth factors
and human leukocyte antigen (HLA) proteins) are also evi-
dent, consistent with the role of platelets in inflammation and
immunity [21]. Finally, unexpected transcripts encoding ery-


Table 1. Megakaryocyte and platelet microarray studies


Gnatenko et al., Gnatenko et al., Bugert et al.,  McRedmond et al., Shim et al., Tenedini et al., 
2003 [22] 2005 [45] 2003 [21] 2004 [23] 2004 [24] 2004 [25]


Genes studied, na 12,599 22,200 9,850 12,599 12,599 22,200
P/M2, n 1,500–2,147 NR NR NR NR appr. 10,000
P, n NR appr. 1,668 appr. 1,526 2,928 NR 4,637 – 4,655
Arrays, n 3 5 6 1 in duplicate from 3 4 pooled 


23 pooled donors (6 samples/array)
Cells studied platelets platelets platelets platelets megakaryocytes megakaryocytes
Cellular source apheresis apheresis concentrates blood (50 ml) CD34+ ex vivo CD34+ ex vivo expanded


expandeded


M = Marginal, NR = not reported, P = present, appr. = approximately.
aNumber of probes (genes) represented on individual microarray slides.
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throid genes (i.e. globin, ferritin) have been consistently iden-
tified in reported platelet microarray studies. While this may
suggest reticulocyte contamination during platelet isolation,
residual expression from precursor cells cannot be excluded.
Similarly, histone transcripts (notably histone H2A, but also
H3.3, H2B.1 and H2A.2) have been observed in transcriptome
analysis of highly purified platelets, the significance of which
remains unestablished [22]. 
As a means of better dissecting the molecular anatomy of the
platelet, expressed genes grouped on the basis of assigned
gene annotations have been used to provide a panoramic def-
inition of the platelet transcriptome. Of the genes that could
be catalogued within assigned clusters, those involved in me-
tabolism (11%) and receptor/signaling (11%) represented the
largest groups. Also evident in these analyses is the relatively
large percentage of genes involved in functions unrelated to
these key groups (i.e. miscellaneous, 25%), and the overrepre-
sentation of genes with unknown function (32%) as annotated
by Affymetrix and RefSeq databases [30]. These results iden-
tify a vast array (nearly one half) of platelet genes and gene
products that presumably have important but poorly charac-
terized functions in platelet and/or megakaryocyte biology.


Platelet SAGE


In addition to microarray analysis, limited platelet SAGE has
been completed, initial studies cataloguing a total of 2,033 tags
[22]. Interestingly, 1,800 tags (89%) corresponded to mito-
chondrial-derived genes. The unusually high preponderance
of mitochondrial-derived genes is consistent with the known
enrichment of these genomes in human platelets [31], and pre-
sumably reflects persistent transcription from the mitochon-
drial genome in the absence of nuclear-derived transcripts. In
addition, preliminary observations indicate that nuclear-en-
coded mitochondrial transcripts are also highly expressed in
platelets, suggesting that preservation of mitochondrial func-
tions is crucial for platelet function [32]. The mitochondrial
genome is a compact, approximately 16.6 kb sequence encod-
ing 13 genes and 2 ribosomal RNAs. The overall distribution
of platelet-derived mitochondrial SAGE tags is quite similar
to that found in muscle [33]. Like muscle, platelets are meta-
bolically adapted to rapidly expend large amounts of energy
required for aggregation, granule release and clot retraction.
Platelet mitochondria represent the primary source of adeno-
sine triphosphate, and mitochondria are also responsible for
most of the toxic reactive oxygen species generated as by-
products of oxidative phosphorylation. The mitochondrial
DNA (mtDNA) encodes polypeptides found within 4 of the 5
multifunctional complexes that regulate oxidative phosphory-
lation within the platelet mitochondria [34]. Whether the con-
tinued generation of these polypeptides has a role in platelet
energy metabolism and/or the apoptotic mechanisms regulat-
ing platelet survival, remains speculative, although not incon-


Table 2. Most highly expressed platelet transcripts (n = 50) 


Platelet transcripta Gene 
symbol


Platelet factor 4 (chemokine (C-X-C motif) ligand 4 PF4
H3 histone, family 3A H3F3A
Rho guanine nucleotide exchange factor (GEF) 10 ARHGEF10 
β-Actin mRNA ACTB
H3 histone, family 3B H3FB
β2-microglobulin B2M
Neurogranin (protein kinase C substrate) NRGN
Pro-platelet basic protein (chemokine (C-X-C motif) 


ligand 7 PPBP
Guanine nucleotide-binding protein G(s), γ-subunit GNAS
Thymosin β4 TMSB4X
Ferritin, light polypeptide FTL
Ferritin, heavy polypeptide 1 FTH1
Glutathione peroxidase 1 GPX1
Vinculin VCL
Major histocompatibility complex, class I, B HLA-B
Glycoprotein Ibβ GP1BB
Major histocompatibility complex, class IC HLA-C
Nuclear receptor coactivator 4  NCOA4
Ornithine decarboxylase antizyme 1 OAZ1
Protein tyrosine phosphatase, receptor-type O PTPRO
Cofilin 1 (non-muscle) CFL1
Chemokine (C-C motif) ligand 5 CCL5
Transgelin 2 TAGLN2
Coagulation factor XIII, A1 polypeptide F13A1
Ribosomal protein L41 RPL41
SH3 domain binding glutamic acid-rich protein like 3 SH3BGRL3
Clusterin (complement lysis inhibitor) CLU
Nerve growth factor receptor-associated protein 1 NGFRAP1
Major histocompatibility complex, class I, E HLA-E
Major histocompatibility complex, class I, A HLA-A
Tumor protein, translationally-controlled 1 TPT1
Regulator of G-protein signaling 10 RGS10
SPARC/osteonectin mRNA              SPARC
Homo sapiens nuclear protein SDK3 mRNA PNN
Monocyte to macrophage differentiation-associated MMD
Hemoglobin β-gene HBB
MutL homolog 3 (Escherichia coli) MLH3
Ubiquitin C UBC
Chromosome 21 open reading frame 7 C21orf7
Ubiquitin B UBB
CD99 antigen CD99
Spermidine/spermine N1-acetyltransferase SAT
Glyceraldehyde-3-phosphate dehydrogenase GAPD
Progesterone receptor membrane component 1 PGRMC1
Guanine nucleotide binding protein (G protein), 


gamma 11 GNG11
Myosin, light polypeptide 6, smooth muscle and


non-muscle MYL6
Nucleosome assembly protein 1-like NAP1L1
Integral membrane protein 2B ITM2B
Hemoglobin, α1-gene HBA1
Actin related protein 2/3 complex, subunit 1B ARPC1B


aTranscripts are rank-ordered using log2 intensities of average-difference
values from 5 normal donors normalized across individual arrays; data and
methods updated from [22, 45].
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sistent with prior evidence that platelets retain a fully func-
tional translational apparatus [7].
Given the small number of non-mitochondrail SAGE tags
available for analysis (n = 233), limited conclusions can be
drawn using traditional (non-subtraction) platelet SAGE li-
braries as presented here. Overall, a total of 126 unique tags
have been identified, the majority of which (94) were repre-
sented only once. Of the genes with unique tags identified
more than once, there was excellent concordance with mi-
croarray expression analysis, with nearly all of the SAGE tags
corresponding to platelet top 75 microarray transcripts. The
PF 4 variant represented a single aberration since this was
rank-ordered approximately 350 by microarray, although its
SAGE tag frequency was identical to that of the predominant
PF4 transcript. Furthermore, a preponderance of the total
unique tags was not represented on the microarray chip, thus
highlighting the utility of two complimentary systems – open
and closed gene profiling approaches.


Overcoming Technical Limitations of Platelet Gene Profiling


To date, microarray analyses are not standardized, with con-
siderable inter-laboratory variability related to fundamental
issues pertaining to platform type (i.e. spotted cDNA vs.
oligonucleotide array), RNA extraction and labeling tech-
niques, hybridization conditions and software algorithms for
analysis of large datasets. Such issues hinder the exchange of
microarray data among various investigators and create con-
siderable challenges to the scientific community in terms of
test sensitivity, specificity, reproducibility, reliability and accu-
racy. The issue of platform reproducibility and quality control
may be addressed by the expanded use of commercially avail-
able slides (with built-in controls), although the high cost of
individual slides creates a barrier for the extensive profiling
required to define ‘normal’. Thus, even for a microarray with
99% accuracy (p < 0.01), readouts of 10,000 data points would
result in 100 false-positive signals by chance alone. Guidelines
for experimental design, data reporting and analysis of mi-
croarray experiments have been set forth by the scientific
community (www.mged.org), while regulatory issues pertain-
ing to diagnostic testing using microarrays have been outlined
[35]. In addition, reliable and reproducible transcript profiling
imposes high standard on the purity of platelets and requires


excessive purification and leukodepletion. Coupled with ex-
ceptionally small RNA content in platelets, this limits wide-
scale studies of platelet transcriptome in patients. Table 3 out-
lines the relative yield of platelet- and leukocyte-derived
RNAs from various starting blood volumes, based on prior de-
terminations of cellular RNA content [36]. Microarray experi-
ments typically require an absolute minimum of 5 µg of total
cellular RNA, although with appropriate controls and repro-
ducibility issues, 20–100 µg requirements are more typical. As
evident, nearly 1 l of blood would be required to ensure the
availability of sufficient RNA for reliable studies, an amount
that would be overwhelmed by leukocyte-derived RNA.
Nonetheless, current methodologies entailing approximately
3-log leukodepletion result in sufficiently pure platelet mRNA
for reliable interpretation of these experiments [22]. Given the
importance of leukocyte depletion in transfusion medicine, it
is likely that more efficient and stringent approaches will be
developed in the foreseeable future. Finally, while sophisticat-
ed technologies, such as laser microdissection, have been de-
scribed for removal of leukocytes, the general applicability of
such methodology remains to be determined [3]. 
Several groups have devised modified protocols which require
significantly less starting material, typically less than 100 ng of
mRNA. Most of these procedures incorporate the known abil-
ity of Moloney murine leukemia virus reverse transcriptase to
efficiently add several unencoded dC residues when it reaches
the 5' end of the RNA. When cDNA synthesis is primed by
oligo(dT) in the presence of a second oligonucleotide with a
short stretch of dG residues at its 3' end, this second oligo an-
neals to the polyC extensions and provides a template for fur-
ther cDNA extension by the reverse transcriptase [37]. The
enzyme is therefore able to switch templates and incorporates
the complement to the template switching (TS) oligonu-
cleotide. In principle, every first-strand cDNA will now have a
common sequence at its 3' end which is complementary to the
TS sequence. Thus, a TS oligonucleotide can be used in com-
bination with a biotinylated oligo(dT) primer to PCR-amplify
the cDNA, allowing much smaller amounts of starting mRNA
to be utilized. Comparable adaptations have been used to gen-
erate high-quality cDNA for microarray analysis starting from
as little as 1 pg of total starting RNA isolated from 9 human
oocytes [38]. When combined with methods for high-fidelity in
vitro transcript amplification using T7 RNA polymerase, it is
likely that platelet analysis from small blood volumes will be
feasible. Recently, a thorough study of the feasibility of the
analysis of platelet transcriptome from a single donor using
RNA amplification technique has been reported [39]. The aim
of this study was to establish a protocol that makes analysis of
platelet transcriptome applicable to a single patient with sus-
pected platelet disorder. Platelets were depleted from leuko-
cytes by centrifugation and filtration, and total RNA was am-
plified using a commercially available PCR-based RNA am-
plification kit (switching mechanism at the 5' end of RNA
templates, SMART, BD Biosciences Clontech, Mountain


Table 3. Platelet and leukocyte RNA yields from variable blood volumes


Blood, ml Platelets WBC
 
number RNA, µg number RNA, µg


1 3 × 108 0.05–0.01 5 × 106 10–25
10 3 × 109 0.5–1 5 × 107 100–250
100 3 × 1010 5–10 5 × 108 1,000–2,500
1,000 3 × 1011 50–100 5 × 109 10,000–25,000
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View, CA, USA). Reliability and precision of RNA amplifica-
tion was evaluated by Q-PCR using selected platelet-ex-
pressed transcripts. Microarray analysis was performed using a
glass chip containing probes to 9,850 genes (MWG-Biotech
AG). Microgram quantities of cDNAs were produced from as
little as 50 ng of total platelet RNA or 40 ml of a whole blood.
Amplification of all monitored transcripts was exponential to
the cycle number 16. Gene profiling gave similar results for
9,815 of the 9,850 genes, with 1,576 positive and 8,239 nega-
tive. Interestingly, only 8 transcripts failed to be amplified, and
amplification efficiency was slightly higher for low-abundant
transcripts. In addition, day-to-day variability in the expres-
sion of selected transcripts in 3 healthy individuals has been
addressed and found to be minor. The authors concluded that
the SMART amplification protocol does not cause significant
distortion of the gene expression profile and can potentially
be applied for routine studies of the platelet transcriptome for
individual patients.


Application of Platelet Transcriptomics to 
Hematological Diseases


Essential Thrombocythemia as a Paradigm


The utility of gene expression profiling for the molecular clas-
sification of human cancer is well-documented, although its ap-
plicability to poorly-understood myeloproliferative disorders,
such as essential thrombocythemia (ET) remains unestab-
lished. ET represents a myeloproliferative disorder subtype,
characterized by increased proliferation of megakaryocytes, el-
evated numbers of circulating platelets and considerable
thrombohemorrhagic events, not infrequently neurological
[40]. The molecular basis of ET remains unestablished, and his-


torically it has been considered a clonal disorder [41], although
recent discovery of an acquired mutation in the Janus kinase 2
(JAK2) gene may shed a light on the molecular mechanism of
this disease [42–44]. Recently, a microarray approach was used
to gain further insight into the specific changes associated with
the ET phenotype and to identify genes that could discrimi-
nate between morphologically indistinguishable ET and nor-
mal platelets [45]. Initial analysis of the genetic profiles of high-
ly purified apheresis platelets isolated from 6 ET patients (4 fe-
males, 2 males) and 5 normal, healthy controls demonstrated
distinctly different molecular signatures. ET platelets collec-
tively demonstrated higher numbers of expressed transcripts
compared to normal controls, but considerably less than the
transcript numbers generally found in nucleated cells [22]. Of
the genes classified as marginal or present in a minimum of 4
microarrays, ET patient samples expressed an average of 3,562
transcripts compared to 1,668 in normal controls. Normal or
ET platelets have genetic profiles distinct from leukocytes, and
notable differences between normal and ET platelets were
clearly evident. Initial one-way analysis of variance identified
170 differentially expressed genes, the majority of which (141)
were up-regulated in ET platelets. Only 29 genes were down-
regulated compared to normal platelets. Functional cluster
analysis of this limited set of differentially expressed genes
demonstrated that genes involved in adhesion and catalytic ac-
tivity represented the largest subgroups (38 and 32%, respec-
tively), although a sizable number of genes (35%) remained
unclassified.
It was found that normal human blood platelets express
HSD17B3 enzyme (type 3 17β-hydroxysteroid dehydroge-
nase), previously described as testis-specific. This enzyme be-
longs to a large family of 17BHSDs and is known to catalyze
the penultimate step in testosterone biosynthesis (fig. 3). Mol-
ecular defects of the HSD17B3 gene are causally implicated in
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(HSD17B12) in normal and ET platelets.
Changes in gene expression were calculated
from microarray data. Function of HSD17B12
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male pseudohermaphroditism [46]. In addition to HSD17B3,
transcripts for two more members of this family were found in
human platelets – HSD17B11 and HSD17B12. While the
HSD17B11 mean, normalized signals between the normal and
diseased cohorts were low-level and not statistically different,
there was a striking change in the pattern of HSD17B3 and
HSD17B12 expression between ET and normal platelets. Ab-
sence of HSD17B3 transcript expression was evident in all 6
ET patients, changes that occurred concomitantly with elevat-
ed transcript levels of HSD17B12 in the same patient sub-
group. In contrast, expression of HSD17B3 in normal platelets
was accompanied by negligible to low-level HSD17B12 ex-
pression. Several independent methods were used to validate
and extend studies of 17β-hydroxysteroid dehydrogenases in
normal and ET platelets. Initial findings were confirmed both
at the mRNA level by Q-PCR and at the protein level by the
analyses of functional activity of HSD17B3. Recent studies
demonstrated that another sex hormone, estradiol, is pro-
duced in megakaryocytes [47]. Moreover, proplatelet forma-
tion of megakaryocytes was triggered by autocrine-synthe-
sized estradiol. It was clearly demonstrated that the inhibition
of another key enzyme for steroid hormone biosynthesis, 
3β-hydroxysteroid dehydrogenase (3β-OH-steriod dehydroge-
nase, fig. 3), blocks proplatelet formation. In addition, estro-
gen receptor antagonists inhibit platelet production in vivo.
Taken together, these data suggest that sex hormones and en-
zymes involved in steroid metabolism may play an important
role in megakaryocyte maturation and proplatelet formation.
In summary, transcript profiling demonstrated noticeable dif-
ference between the spectrum of mRNAs expressed in nor-
mal and ET platelets, thus contributing to the generation of
the molecular signature of ET. Moreover, these data establish
a novel link between platelet function and hormone steroido-
genic pathways that may be causally implicated in platelet-me-
diated thrombotic events and/or platelet production.


Indirect Studies of Platelet Disorders: Gray Platelet Syndrome
and Polycythemia vera


Molecular mechanisms of other platelet disorders, such as
gray platelet syndrome (GPS), were also studied by transcript
profiling, although these studies were not focused on platelets
as a source of RNA. GPS is a rare congenital bleeding disor-
der of unknown origin, with phenotypic and genetic hetero-
geneity, characterized by thrombocytopenia, increased
platelet size and decreased alpha-granule content [48–50]. In
order to investigate mechanisms involved in GPS, the mi-
croarray approach was applied [51]. In pursuing the etiology
of GPS, fibroblasts were employed as a model system, partly
because the myelofibrosis in this subtype of GPS was likely to
involve these cells. Normal and GPS fibroblasts were cultured
from skin biopsy, and the differential expression of 4,900
unique genes was evaluated by microarray techniques. Differ-


entially expressed genes were clustered according to the
change in their expression, and genes within each cluster were
tested for functional similarities. Significant up-regulation of
expression of the cytoskeleton proteins fibronectin 1, throm-
bospondins 1 and 2 and collagen VI α was demonstrated.
Overexpression of fibronectin and thrombospondin 1 was in-
dependently confirmed at the RNA level by Northern blot-
ting. In addition, up-regulation of expression of fibronectin
was confirmed at the protein level by immunostaining. These
results clearly demonstrate the feasibility of a transcriptome
approach to identify gene candidates involved in GPS and
suggest that cytoskeleton proteins may play an important role
in the molecular mechanisms of this rare disorder.
Polycythemia vera (PV) is a myeloproliferative disorder of un-
known molecular pathogenesis. It is characterized by in-
creased proliferation of all 3 myeloid lineages with subsequent
overproduction of mature red cells, granulocytes and platelets
[52]. Initially, microarray analysis was employed to identify
genes which are differentially expressed in normal and PV
granulocytes [53]. Evaluation of expression levels of 6,000
genes revealed that 147 genes were up-regulated in the major-
ity of PV patients compared to normal. 11 of these genes were
elevated in all 11 patients studied. In addition, elevated ex-
pression of several protease inhibitors with affinity for pro-
teases involved in apoptosis and a number of antiapoptotic
factors has been documented. 
Another study focused on the differential diagnosis between
PV and secondary erythrocytosis (SE) [54]. Granulocytes
were purified from peripheral blood of 40 PV patients, 12 SE
patients and 50 healthy volunteers. RNA was isolated and hy-
bridized to the customized cDNA microarray chip, containing
probes for 7,497 genes. Two independent sets of data were ob-
tained. First, a set of 64 genes was determined, which correctly
distinguish RV from SE, thus representing a valuable diagnos-
tic tool. Second, 644 genes were identified as differentially ex-
pressed in PV patients compared to normal (253 up-regulated,
and 341 down-regulated in PV, p < 0.01). Many genes which
are up-regulated in PV are controlled by Spl-like transcription
factors. One of them, transcription factor NF-E2 was overex-
pressed 2–40-fold in PV patients compared to normal. In addi-
tion, overexpression of this transcription factor was docu-
mented in erythroid and myeloid precursors and in megakary-
ocytes of PV patients. These data establish the feasibility of
the differential diagnosis of myeloproliferative disorders
based on the molecular signature of the diseases and suggest
that transcription factor NF-E2 may be involved in the molec-
ular etiology of PV.


Conclusion


Taken together, platelet mRNA profiling studies have defined
the basic platelet transcriptome. It is clear that platelets have a
distinct and reproducible transcript profile. Moreover, tran-
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script profiles of normal and diseased platelets are significant-
ly different, as was demonstrated for ET and PV. Transcript
profiling not only defines the molecular signature of platelets
in normal and diseased states, but also can be used for identi-
fication of novel proteins previously unknown to be expressed
in platelets. To date, genetic profiling techniques have focused
on well-defined (but rare) congenital platelet disorders, al-
though their applicability to more common disorders affecting
platelets (i.e. cardiovascular and cerebrovascular diseases) re-
mains unestablished.
Recent advances in platelet proteomic studies give further in-
sight into mechanisms of platelet function and permit identifi-
cation of novel proteins at an unprecedented scale [55–60].
The discovery of pre-mRNA splicing in platelets [10] opens
new perspectives in studying the complexity of transcriptome-
proteome correlations. Platelet-restricted signal-dependent
splicing contributes to previously unrecognized complexity


regulating the platelet proteome, although its physiological
consequences remain unestablished. Whether alternative
splicing occurs in platelets in response to various exogenous
factors or diseases, is also unknown, although this issue can be
partially addressed by the next generation of microarray chips
which should allow the detection of alternatively spliced tran-
scripts. Integrated platelet transcriptomics and proteomics will
represent a powerful tool to study complex processes underly-
ing platelet regulatory functions and identify potential new
therapeutic targets in platelets.
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